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ABSTRACT
HYDROGEOLOGIC CHARACTERIZATION OF A GLACIAL AQUIFER
CONTAMINATED BY CRUDE OIL NEAR BEMIDJI, MINNESOTA
by
SEVIN ILHAN BILIR, B. S.
SUPERVISING PROFESSOR: PHILIP C. BENNETT
This study investigates the hydrogeology of a glacial sand and gravel aquifer
contaminated by crude oil near Bemidji, Minnesota. The goal of this study is to obtain an
understanding of the effect of local flow phenomena, glacial stratigraphy, and climatic and
surficial factors, on the groundwater flow behavior. The study determines the geohydrologic
parameters of the study area that was affected by the oil spill, and identifies the dominant controls
on fluid flow and the impact of seasonal variations.
The study area lies on a flat to gently rolling outwash plain having a regional hydraulic
gradient of 0.0028 towards N7O°E. Locally, the shallow unconfined aquifer has a lower boundary
consisting of a low permeability basal till unit located at approximately 23-31 m depth and is
overlain by approximately 10 m of stratified morainal drift, containing discontinuous lenses of till,
sediment-flow deposits, and lacustrine silt and clay. An unconformity separates the drift from
approximately 7 m of outwash sands and gravelsconsisting of layers of fine grained sand and silt.
The site is situated on a small recharge zone of a local flow system, which discharges into a small
lake 350 m downgradient from the initial oil pool.
Vegetation and geomorphological surveys, infiltration rate measurements, and soil
organic carbon analyses were used to investigate the complexities of focused recharge. Surface
water flow is directed to points of focused recharge. In the spray zone, where water flows over
oily sediment, contaminated waters enter the unsaturated zone and possibly reach the water table.
Monitoring wells were emplaced to gather stratigraphy and seasonal water level data, which
indicated local flow variations particularly during times of extreme recharge and in areas with a
shallow water table. Water levels are usually high from June to the early part of autumn and then
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drop off steadily throughout the year. In the wetland a water level decrease of 0.5 m occurred over
one month during a dry summer. However, an average decrease of less than 10 cm was observed
in the rest of the site. Mounding of the water table typically occurs in the summer and at points of
focused recharge, probably in response to the uneven distribution of recharge and hydraulic
conductivity. The wetland is a flow-thru lake or a discharge mound for most of the year, yet
following large events of precipitation it is a recharge mound. Hydraulic conductivity and
sediment anisotropy were quantified by measuring grain-size distribution and bulk and individual
hydraulic conductivities of intact core sediments. Sediment is mostly medium sands with lenses of
silt and gravel. Adjacent layers may differ in hydraulic conductivity by more than three orders of
magnitude. Measured hydraulic conductivities ranged from to
of 2.02x1 m/s, indicating mostly sand size sediments. Hydraulic conductivities of
homogeneous sediments did not vary outside an order of magnitude, however, hydraulic
conductivities of heterogeneous sediments were found to range over4 orders ofmagnitude.
Anisotropy ratios averaged 1.4 and 15 for calculated and measured hydraulic conductivities,
respectively, indicating a complex flow field dominated by horizontal flow. Thin fine-grained
layers affect the vertical flow rates to a large degree.
MODFLOW, a three-dimensional finite-difference groundwater flow model, was used to
simulate the effects of a changing hydrologic budget on the local flow system, incorporating the
detailed information on hydraulic parameters and recharge rates determined during this study.
Steady-state modeling confirmed that the complexities at the site could not be modeled under
simple homogeneous conditions, but required a variable distribution of hydraulic conductivities.
The influences ofclimatic factors were seen in consecutive steady-state models to support
observations that evapotranspiration and recharge play an important role, particularly where the
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I. INTRODUCTION
Throughout the populated northeast, glacial deposits are important sources for water
supply and waste disposal locations. Understanding the extreme variations in the geologic
environments is an important step to quantifying the hydrogeologic systems. In the past,
unconfined glacial aquifers have been considered to be regionally homogeneous with respect to
geology and hydrology. However, it is apparent that glacial sediments are, in fact, not
homogeneous but highly variable in both the hydrologic and geologic systems. On a smaller
scale, sediments can be extremely heterogeneous and more often than not, create local perturbations
in the hydrologic and geologic systems. Small scale differences in the hydrologic budget also
modify the flow field, causing fluctuations in the local groundwater system. This study
investigates the hydrogeologic conditions and interrelationships of an unconfined sand and gravel
aquifer contaminated by crude oil.
On August 20, 1979, a high pressure oil pipeline burst, 2.5 m below the ground surface
spilling crude oil onto the ground surface. The pipeline had a diameter of 86.4 cm and was under a
pressure of 3.48xl0
6 N/m 2 (500 psi). Approximately 1.5xl0
6 /of crude oil was ejected onto the
land (Hult, 1984). An area, termed the spray zone throughout this thesis, was covered with oil
that sprayed out of the high pressure pipeline.
At the point of rupture, a large pool ofoil collected on the ground surface in a slight
topographic depression. Oil filled up and spilled out of the depression and drained overland to a
small wetland, where a second pool of oil formed on the water surface . In both locations, oil
infiltrated down to the water table. Approximately 4xl0
5 /ofcrude oil escaped to the aquifer
before the oil spill was discovered (Hult, 1989). Approximately 8550 m~ (2.1 acres) of the soil
surface was contaminated by the drained and sprayed oil (Hult, 1984) (Figure 1.1).
Lakehead Pipeline Company, the responsible party, began cleanup of the site within one
week. Land treatment, collection of crude oil by means of trenching and pumping from the ground
and water surfaces, and burning and evaporation of crude oil were the only methods of remediation
used at the site. Approximately l.lxlO5 /of crude oil were collected from the ground and water
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Figure 1.1 Topographic map of study area with location of
areas affected by overland spray and draining ofcrude oil.
2
3
surfaces and then transported off the site (Hult, 1987). 765 of contaminated soils, from the
unsaturated zone, point of rupture, spray zone, and drained areas were collected and then plowed and
mixed into the top 0.6 m of soil over 6 hectares of land (Pfannkuch, 1979). Approximately
remediation is planned as this site is to be used as an example for similar situations.
Research at the site began in 1983, since then the site has been used as a research site by
the Toxic Waste-Ground-Water Contamination Program of the U. S. Geological Survey. The bulk
of the research completed and currently ongoing at the Bemidji, MN site has been oriented towards
understanding the geochemical interactions between the oil bodies and the aquifer sediments
(Bennett (personnel communication) 1991, 1991; Essaid et al, 1991), degradation of dissolved
organic chemicals by bacteria (Baedecker et al, 1989), and site stratigraphy (Franzi, 1987, 1988;
Baedecker et al, 1989). All disciplines of research have been directed toward understanding the
behavior and chemistry of the large oil pool located near the initial pipeline break. Recently, the
smaller oil pool located beneath and slightly north of the wetland has been included in research.
Objectives
The goal of this study is to obtain an understanding of the effect that hummocky terrain,
glacial stratigraphy, climatic, and surficial factors has on the local groundwater system in an
unconfined sand and gravel aquifer. This study characterizes the hydrogeology of the area and
determines the dominant controls on groundwater flow and how the aquifer system is affected by
seasonal variation in hydrogeologic conditions.
Specifically, the study determines
* variability in hydraulic conductivity of sediments
* infiltration rates of surficial sediments
* anisotropy of sediments
* areal recharge rates throughout site
* seasonal variations in water levels
* ground-water flow response through numerical modeling
Soil, vegetation, and geomorphological surveys were completed and used for selection of
infiltration rate measurement locations. Surficial soil samples and core sediments from newly
installed wells were collected for determination of stratigraphy and characteristicsof surficial
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sediments. Hydrogeological maps were generated using measured and historical water level
elevations, and were used to determine local flow phenomena and seasonal responses.
Characterizing the type of surficial sediments and the physical lay of the land helped determine the
interrelationships affecting local flow phenomena.
Specific laboratory tasks consisted of measurement of total organic carbon of soil
samples, description of core sediments, measurement of bulk and individual hydraulic conductivity
of intact core sediments, comparisons ofcalculated and measured hydraulic conductivities,
correlation of data to previously determined stratigraphy and hydrogeological parameters,
determination of grain-size distribution ofcore sediments, and the simulation ofa hydrologic
budget using MODFLOW, a three-dimensional finite-difference ground-water flow model.
Physical Setting
Location & Climate
The Bemidji area is located within the headwaters of the Mississippi river. Surface water
drainage, where present, is to the north towards Grant Creek (Oakes and Bidwell, 1968). The
research site is located approximately 29 km northwest of Bemidji, Minnesota, in a sparsely
populated section of Beltrami County (Figure 1.2). The site encompasses approximately
28 hectares and is located on the properties of the State ofMinnesota and Lakehead Pipeline
Company. Current studies are being conducted by the Minnesota District-Water Resources
Division of the U. S. Geological Survey.
High temperatures and precipitation rates occur in the summer months when
evapotranspiration is at a maximum. During the winter, mean temperature is extremely low and
precipitation is primarily in the form of snow. Snowmelt occurs during the spring months,
recharging the groundwater. These extreme conditions may be a primary influence on the local
groundwater system.
Mean annual temperature at Bemidji (1941-70) is 3°C (37.4°F) with average monthly
extremes of -23°C (-9°F) in January and 27°C (81°F) in July (1951-70) (NOAA, 1982; Kuehnast,
1972). Figure 1.3(c) displays average temperaturerecords for 1987-90 at the Bemidji, MN airport.
Average temperature for north central Minnesota is shown in Figure 1.4(b). Recent (1986-90)
































































(a) Departures from normal (1951-1980) Three month running mean for the
60 months ending with December 1990, North central Minnesota
Figure 1.4 Temperature and precipitation data for north central Minnesota
(NOAA, 1990)
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local temperature levels have been average (Figure 1.4(a)).
Potential evapotranspiration, calculated from NOAA (1987-90) temperature data,
averages 0.38 cm/d and 12 cm/mo during June, July, and August. Average annual potential
evapotranspiration calculated with Thornthwaite's equation, is 55.4 cm, assuming adequate
soil moisture at all times. Maximum groundwater loss due to evaporation from lakes and
reservoirs is 63.5 cm/yr (Baker et al, 1979). Annual pan evaporation records (1986-90) are
shown in Figure 1.3(a).
Average annual precipitation is 56.5 cm primarily as rainfall, while during this study,
annual precipitation averaged 50.98 cm (NOAA, 1982; Kuehnast, 1972; NOAA, 1988-90).
Groundwater recharge occurs primarily during the spring from snowmelt, or during showers when
evapotranspiration is low (Figure 1.3(b); Figure 1.5). During the months of May through
September when evapotranspiration is highest, an average of 34 cm/mo of the normal annual
precipitation occurs (NOAA, 1988-90). In the autumn a short period of high precipitation occurs
due to large storms. From November through March, when the ground is frozen, an average total
of 6.5 cm/mo of precipitation was recorded (NOAA, 1988-90). Precipitation was lower than
normal during 1986-90 (Figure 1.4(a)). During the summer of 1990 drought conditions were
present. Moderate droughts occur on the average every 4 to 5 years in the Bemidji area
(Kuehnast, 1972). During the months of June through September, it is common for
evapotranspiration to exceed precipitation (Figure 1.5).
Topography & Vegetation
The topography of the site is flat to gently undulating with small depressions and lakes
The hummocky terrain slopes gently towards the northeast. Topographic relief is 11.5 m, ranging
from 422.5 to 434 m, mean sea level (msl) (Figure 1.1). The micromorphology of the terrain
includes a kettle, wetland, and a small lake (termed lake "1386" throughout this thesis; Figure 1.6).
Lake "1386" covers approximately 20.2 hectares and is less than 2 m deep.
The site is heavily forested, containing several types of natural vegetation. Aspens,
birches, pines grow in stands throughout the site, while assorted bushes, grasses, and mosses make
up the rest of the site vegetation. Leaves, needles, moss, dead grass and tree limbs cover the
ground in the heavily forested areas, whereas moss is more common in lightly forested areas.
Grassy localities are covered with sparse moss and dead grass.
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Figure 1.5 Precipitation and evapotranspiration for the Mississippi headwaters
watershed, north-central Minnesota (Modified from Oakes and Bidwell, 1968)
Figure 1.6 Geologic and hydrogeologic cross sections at site, determined from
grain size analysis. Adapted from Franzi (1988) and Coontz (1991).
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During cleanup of the oil spill, several acres of trees were bulldozed and destroyed.
Following cleanup activities, several hundred pine saplings were planted across the site. These
12 year-old pine trees vary in height across the site. In some areas, pine trees may reach a
maximum of 1 m, barely higher than the grasses, however, in the southwestern area of the site
these pines may reach to 4 m.
Geologic Setting & History
Bedrock
The surficial glacial material of northern Minnesota is underlain by complexly deformed
and interlayered metasedimentary and volcanic rocks. Granite and greenstone, formed in the Late
Archean (2700-2650 mya), trend in broad northeast striking belts across the northwest portion of
Minnesota (Chandler, 1981). Within 80 km of the site, recorded depths to bedrock are 165 m in
the north, 137 m in the south, and 107 m in the west (Olsen and Mossier, 1982).
The crystalline rock is dense, with low porosity and permeability, and is not considered to
be water-bearing except in fractures and near the top in weathered zones. Interpretations of
magnetic anomaly maps of the area indicate the presence of large, regional scale, parallel fractures,
evenly spaced and oriented northeast-southwest. Preglacial erosion from streams, erosion from
glacial ice, and meltwater during Wisconsin glaciation, created an irregular surface on the bedrock
(Stark et al., 1991).
Glacial Material
The Bemidji area lies on the Bagley outwash plain (Wright, 1972b ), and is bordered by
the Bigstone Moraine of the St. Louis sublobe of the Des Moines lobe to the north, and the low
relief, till-veneered highland, the Itasca Moraine of the Wadena lobe to the south and the west
(Hobbs and Goebel, 1982). Three major lobe advancements, first, the Wadena from the
north-northwest, second, the Rainy from the north-northeast, and third, the Des Moines from































































































































Morainal deposits in the north consist of complexly-interbcdded diamicts and gravels
indicating deposition by sediment-now and fluvial processes (Franzi, 1988). The Itasca highland,
in the south, consists of moraines and drumlin fields. Several tunnel valleys, large sand-filled
troughs, lakes, and bogs, eskers, kames, and other ice-contact deposits, (probably due to southward
flowing subglacial streams) transect the highlands (Wright, 1972a ). Meltwater from the St. Louis
sublobe of the Des Moines lobe probably deposited the uppermost deposits of sand deposits
(Wright, 1972b). In the Bemidji area, these glacial deposits are as much as 165 m thick
(Olsen and Mossier, 1982). Figure 1.2 depicts the Quaternary geology in the Bemidji area as
completed by Hobbs and Goebel (1982) and modified by Stark et al. (1991) and me.
Characterization of the site stratigraphy and geologic history has been under investigation
since the start of the program. Analysis of well-log data, ground penetrating radar, and surface
morphostratigraphic relationships have been used in order to determine geological heterogeneities
and aquifer anisotropy. Glacial deposits at the study site are composed of a complex assemblage of
four lithofacies; a basal till, two units of ice-contact stratified drift, and out wash sands and gravels
(Franzi, 1987). Erosional contacts and intercalation of lacustrine sediments indicate separate
phases of late glacial sedimentation within each lithofacies.
Franzi (1987) interpreted the subsurface stratigraphy using detailed grain-size analysis
(Figure 1.6). A basal till unit underlies the entire sequence at depths of 23-31 m and is known to
be at least 1-6 m in thickness. The stratified morainal drift is a unit consisting of poorly sorted
medium-to coarse-grained sand and gravelly sand of up to 10 m in thickness (Figure 1.6).
Individual beds, within the stratified drift, extend no more than 10 to 25 m laterally and a few
centimeters to meters in thickness. Discontinuous lenses of till, sediment-flow deposits, and
lacustrine silt and clay form semiconfining layers that occur occasionally throughout the stratified
drift. Lacustrine sediments consisting of silt and very fine sand forms bodies of 1 m thick patches
and are believed to extend laterally more than 50 m (Franzi, 1987).
Outwash sands and gravels are moderately calcareous and range in color from yellowish
brown to very pale brown (Hult, 1984). These sediments consist of approximately 57% quartz,
29% feldspars, 5% carbonates, 2% hornblende, less than 1% clay minerals, and less than
0.2% organic carbon (Bemdt, 1982). This unit can be up to 7 m thick and extend laterally from
10 to 40 m (Figure 1.6).
An unconformity is present between the drift and the outwash. Where lacustrine
sediments are lacking, the unconformity is sharpest. Charcoal found near the unconformity
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indicates that an interglacial interlude lasted long enough for kettle lakes to develop thick
vegetation (Franzi, 1988). Franzi (1987) found evidence for high angle faulting and disruptive




In the Bemidji area, the entire thickness of glacial deposits is comprised of confining
units of till and lake deposits separating unconfined and confined aquifers. The base of the
unconfined aquifer slopes to the east at a gradient of 0.0019 (10 ft/mile). Saturated thicknesses
range from 0 to 38 m. Generally, the regional hydraulic gradient is 0.001 (5.3 ft/mile)
(Stark et al., 1991) and flows to the northeast. Locally, the groundwater flow direction is
approximately N7O°E with an average horizontal hydraulic gradient of 0.0028 (15 ft/mile)
(Figure 1.8). Direction of flow ranges from N63°E to N7B°E. Horizontal hydraulic gradients
range from 0.0008 to 0.004 (4 to 21 ft/mile).
Specific capacities of wells in the Bemidji area range from 3 to 81 gpm per foot of
drawdown (Oakes and Bidwell, 1968). Horizontal hydraulic conductivities of these aquifer
sediments east of Bemidji, MN have been measured at 3.53x10" 6 to 7.06x10~ 4 m/s
(Stark et al., 1991).
Confining units of fine-grained till or lake-deposits are present in the Bemidji area,
however, they do not influence local flow in the study area. Thicknesses of the unit can vary from
0.3 to 61 m (Stark et al., 1991). Flow between the uppermost-confined units and the unconfined
aquifer is controlled by this low permeability unit. Miller (1982) gives a mean vertical hydraulic
conductivity of 6.35x10'8 m/s for similar units in the area.
Thicknesses of the uppermostconfined-drift aquifer vary from 0 to 18.3 m
(Stark et al., 1991). The confined aquifer has a groundwater flow pattern that is similar to that
seen in the unconfined unit, however, horizontal hydraulic gradients are usually smaller.
15
Figure 1.8 Regional water table map, June 1990
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Site Hydrogeology
The site is located on a local flow system that discharges into lake "1386", 300 m
downgradient from the initial break in the pipeline. Equipotential lines in Figures 1.8 and 1.9
indicate that groundwater flows to the northeast towards lake "1386". The regional hydraulic
gradient is towards N57°E, but can range in direction from N49°E to SBl°E (White, 1991). The
average local horizontal hydraulic gradient is 0.0027 (14.3 ft/mile) and ranges from 0.002 to 0.003
(10.6 to 15.8 ft/mile). In the northeast section of the site the water table contours parallel the
shoreline of lake “1386" indicating flow towards and into the lake. Lake levels fluctuate less than
0.3 m/yr and the top few feet of the lake freezes during the winter months (Miller, 1988).
A shallow, unconfined aquifer is present at the site with a locally extensive low
permeability layer (termed the basal till unit) at 23-31 m below the land surface (Franzi, 1987)
(Figure 1.6(a); Figure 1.9). The aquifer is comprised of discontinuous low permeability layers that
represent important local heterogeneities within the sediments (Figure 1.6(b)). As a result of both
deposition of sediments and formation of kettles, the aquifer has large hydraulic discontinuities in
the flow field (Franzi, 1987). Thick accumulations of outwash and small bodies of fine-grained
sediment, form layers of varying permeabilities that affect the shape and rate of advancement of the
contaminant plumes (Figure 1.10). Permeabilities of adjacent beds may differby more than three
orders of magnitude.
Previous Studies
Baehr and Hult (1989) determined air-phase permeabilities over a 20 m zone of the lower
part of the unsaturated zone. Results revealed a thin silt layer of fine sand and silt directly above
the water table, this same layer has been found in core sediments. The water table never extends
upward more than 2 m into the outwash, whether this is due to the presence of the fine sand and
silt layer is not known.
White (1991) found that horizontal flow varied in both velocity and direction to a much
wider degree than was earlier estimated by others. Measured velocities ranged from 0.034 to
2.2 m/d and in directions ofN49°E to SBl°E. Downgradient of the railroad, the average hydraulic
conductivity is 1.5x10 3 m/s, while upgradient hydraulic conductivities averaged 3.1X10
-4 m/s,































































































White (1991) determined darcian velocity variations near the northern oil plume axis and
attempted simulation of contaminant transport using the measured darcian velocities. Results
indicated that the major heterogeneity at the site is the silt layer located near the water table. The
fine-grained layer impedes the movement of water and when near the contaminant, advancement of
the plume is probably deterred to a large degree. Velocities were slowest where the silt layer was
present. Darcian velocities increase with depth beneath the water table until a depth of7 m below
the water table, where velocity then decreases (White, 1991). The zone of higher hydraulic
conductivity, immediately below the water table, allows for enhanced transport of contaminants.
These variations in measured darcian velocity reflect the effect of the stratigraphic and
hydrogeologic controls.
Miller (1988) attempted to characterize the hydrologic discontinuities and aquifer
properties with the use of a groundwater flow and chemical transport model. A finite-difference
method was used to study a steady-state areal and cross-sectional flow model covering
approximately 55 hectares. The bottom boundary was set as a no-flow boundary, a free surface at
the top boundary, and head-dependent boundaries for all other boundaries, allowing for
representation of flux changes outside the model. Simulated water levels approximately matched
observed water levels for 1983-85. Three-dimensional modeling had indicated that low
concentrations of contaminants may have entered lake "1386". Results from this study were later
determined to be invalid due to incorrect initial measurements of well locations and water table
elevations. Since the simulated water levels were calibrated using invalid field data, the results of
the model can not be used for future studies at the Bemidji site.
Coontz (1990) determined that local vertical gradients are negligible except in the vicinity
of lake "1386" (well location 925) where an upward vertical gradient of 0.11 was measured.
Observed water levels in monitoring wells fluctuated seasonally 0.3-0.5 m during 1984-85 and
were found to peak in the early summer and then decline throughout the rest of the year.
Coontz (1990) determines through flow simulations that the long term flow response is dominated
by the presence of lake "1386". However, seasonal variations of areal recharge produce small
fluctuations in the flow field near or in local depressions.
Coontz’s (1990) modeling results indicated that flow patterns were independent of local
surface features. Groundwater velocities of 0.065-0.143 m/d were modeled in the spray zone using
a porosity of0.34-0.39 in steady-state conditions. Transient-state modeling suggested the presence
of two overlapping parallel plumes, one of which is presently undetected and possibly located near
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the pipeline. Cross-sectional steady-state simulations were used to explain a high vertical gradient
in well 925, near the edge of lake "1386". Modeling results suggested, but did not confirm the
presence ofeither a continuous aquitard underneath the lake or upward flow through the basal till.
Coontz’s (1990) results were preliminary and based mostly on sparse data collected by others.
Since the completion of Coontz (1990), several surveys have updated incorrect elevation data of
wells.
Contaminant Behavior
At least two separate oil lenses are located on the water table, one below the point of the
pipeline break and the other beneath the wetland area, and these have formed two separate plumes;
the large northern plume, near the pipeline break, beneath the main axis of wells, and a smaller
plume downgradient of the wetland. The northern oil pool is thought to contain 16-80 m 3 of
crude oil (Hult, 1982), covers an area of 0.7 hectare, with dimensions of200 m x 35 m, and
depresses the water table at the center of the oil lens (Essaid et al., 1991). Essaid et al. (1991)
determined that because ofsediment heterogeneities, oil lens distribution in the sediment poorly
corresponds with oil thicknesses measured in wells.
The northern oil pool is located at a depth of 8 m and has migrated 30 m downgradient as
a separate fluid phase in the ten years since the spill (Landon and Hult, 1991). Constituents in the
oil plume moved 200 m downgradient of the spill, while vapors moved 100 m through the
unsaturated zone (Hult, 1989). A thin layer of oil was detected at well 604, 35 m upgradient from
the pipeline break and has been interpreted as the trailing (upgradient) edge of the pool
(Coontz, 1990).
The northern plume consists of chemical constituents and by-products (dissolved organic
components of oil and metabolic products of biodegradation such as methane, CO2 , and organic
acids), inorganic compounds, and ions mobilized from sediments (Baedecker et al., (1989), Bennett
(1991), and Siegel et al., (1988)). Hult (1989) suggests that the oil pool is being depleted of
volatiles and becoming more dense and viscous. Landon and Hult (1991) calculated yearly oil-
mass rate loss rates of 0-1.25%, averaging 0.5%, within the oil pool.
Contoured plots of inorganic and organic solutes in the groundwater indicate variations in
groundwater flow patterns (Siegel et al., 1988; Bennett et al., 1992). There are several
perturbations within the contaminant plumes, indicating a heterogeneous flow field.
Figure 1.11 indicates an eastward component of flow 160-180 m downgradient of the pipeline. The
plume is being deflected somewhat from the northeast to the northwest, possibly resulting from































II. METHODS OF INVESTIGATION
Fieldwork for this study was conducted during 1989-90. Soil, vegetation, and
geomorphological surveys were completed by the author and used for selection of infiltration rate
measurement locations throughout the site. Surficial soil samples and core sediments from newly
installed wells were collected for determination of the stratigraphy and characteristics of the
surficial sediments. Hydrogeological maps were generated using measured and previously collected
water level elevations for use in determining local flow phenomena and seasonal responses.
Characterizing the type of surficial sediments and the physical lay of the land helped determine the
interrelationships between topography and groundwater flow.
Laboratory work consisted of measurement of total organic carbon of soil samples,
description of core sediments, measurement of hydraulic conductivity of intact core sediments,
comparisons of calculated and measured hydraulic conductivities, correlation of data to previously
determined stratigraphy and hydrogeological parameters, determination ofgrain-size distribution of
core sediments, and the simulation of a hydrologic budget using MODFLOW
(McDonald and Harbaugh, 1988), a three-dimensional finite-difference groundwater flow model.
In situ Infiltration
Field Surveys
A soil survey was conducted at 193 grid points within the site (Figure II.1). Prior to the
start of research, two grid systems were overlain on the site to acquire topography data and
establish benchmarks. The first system, a regular X-Y coordinate grid, is oriented with (+)Y in the
direction of N37.7°E and (+)X in the direction of 552.3°E. All site maps of this study indicate
this first system along the borders of each figure (Figure 11. 1).
A second system assigns letters (A through N) to Y-coordinates and numbers ((-6)
through 11) to X-coordinates (Figure 11. 1). This grid system is offset from the first grid
23
24
Figure 11. 1 Locations of soil surveys and display of two grid
systems used at the site.
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approximately 10 m in the X direction and a few meters in the Y direction. In this study, this
system is only referred to for soil survey location.
Sediment samples were collected below the organic rooting zone over an interval of
approximately 15 cm of depth. A survey of soil and ground cover type, slope amount, oil
presence, and type and amount of vegetation cover was completed. Results of the survey was
compared with the following field surveys to determine locations for infiltration rate
measurements. Presence of oil on soil surfaces was mapped using a visual identification and a
“sniff test.” If the soil smelled oily, repelled water, or had a visible oil coating over the surface,
the location was recorded as oily. Evidence of significant overland flow was determined visually
using field surveys ofsurface water flow direction. Points of focused recharge and areas of
sediment erosion and deposition were observed and noted on field surveys.
Since infiltration rate can vary depending on vegetation type, a vegetation type and
abundance survey was completed. The results were combined with other field surveys in order to
establish a basis for areas of varying infiltration and recharge rates.
In Situ Infiltration Rate Measurements
The method used is an adaptation of the proposed method of American Society for Testing
and Materials D3385-88 (ASTM D3385-88, 1988). Infiltration measurements were taken in the
summer time, when evapotranspiration is highest. Air temperature ranged from 21-35°C (70-95°F)
during that time.
An open ended cylinder, the infiltrometer ring, was constructed from a heavy duty plastic
trash can, with a diameter of 48.5 cm and a wall height of 20 cm. The ring forms a boundary for
the test and a reservoir for water. The infiltrometer ring was placed on the ground surface and a
moat with a depth of approximately 12 cm was excavated outside the trace of the infiltrometer
ring, resulting in a "soil island”. After the infiltrometer ring was placed around the soil island, the
moat was filled with a bentonite slurry to seal the sides of the infiltrometer ring and any possible
fissures in the soil created by the excavation process. A Guelph permeameter was then placed over
the center with the exit tube located on the surface of the ground (Figure II.2). Water was allowed
to enter and partially fill the reservoir, which has an area of 35.09 cm
2 . A plastic sheet was placed
over the infiltrometer ring and sealed for the duration of the test to minimize evaporative losses.
The Guelph permeameter maintained a constant head while allowing measurement of




infiltrated volume. Incremental infiltration rates were multiplied by the area of the reservoir in the
Guelph permeameter, to calculate a volume of water loss, which in turn was divided by the area of
the infiltrometer ring. The arithmetic mean, mode, and median values of resulting infiltration rates
were determined for each zone and used to create an infiltration rate variability map of the site.
Organic Carbon Content
Sediment samples were taken from the top 12-25 cm of soil below the organic layer at
129 grid points across the site. These soil samples were then measured for total organic carbon
(Figure 11.3). Two procedures were followed; heavily coated soils were analyzed using a furnace
method and “clean” soils were analyzed using a Dohrman Carbon Analyzer®.
Oily samples were heated in an oven at 110°C overnight and then ignited at 550 ± 20°C
for four hours in order to rid the sample of all organic carbon (Skougstad et al., 1979). Total
organic carbon content of oily samples was determined using the following calculation:
(Wds - WisA
Percent organic carbon matter = x 100% (II.1)
y Wds - Wc J
where is the weight of crucible and oven dried soil, before ignition, Wj s is the weight of
crucible and dried soil, after ignition, and Wc is the weight of the crucible to the nearest
0.0001 gm (Skougstad et al., 1979). The calculated value represents a measured “volatile” matter
amount and was decreased 25% in order to be compared to “clean” soil samples.
“Clean” soil samples were first treated with a solution of 1 % phosphoric acid, in order to
measure percent inorganic carbon (Rand et al., 1975). Percent inorganic carbon content of “clean”
soil was calculated using the following equation:
(Wds - Wps^
Percent inorganic carbon = x 100% m2)
V Wds - Wc J
where Wps is the weight of the crucible and soil, dried after treatment with phosphoric acid.
A Dohrman Total Carbon Analyzer® was then used to determine total organic carbon per




Figure 11.3 Percent organic carbon by weight of surficial soils
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All sample means were compared, mapped, and contoured. Results were compared with
observations made in the soil and surficial oil surveys and infiltration rate measurements.
Piezometer Installation & Monitoring
Wells were placed throughout the site to collect core and to serve as monitoring wells.
The majority of the wells are located on a line parallel to regional groundwater flow direction and
along the long axes of both of the oil plumes (Figure II.4). Since the wells are clustered along a
line, this array has made it difficult to fully characterize the groundwater flow system at the site in
the past.
Well Database
An updated version of the historical well data was created as a result of collecting,
checking, correcting, and updating the land surface and measuring point elevations of wells. Well
configuration and casing and screen materials were checked in the field.
A total of 214 wells are located throughout the site: 34 of which are background
(regionally located) monitoring wells, 99 of which are water table wells, 13 of which are soil gas
wells, and 84 of which are part of 26 piezometer nests for determination of vertical flow presence
and direction (Appendix Al). Staff gages are located in the wetland and in lake "1386", but
inaccurate location and elevation data for the lake staff gage invalidates the use ofcollected data.
Actual measurements of total depths of wells were completed after emplacement of most wells.
Historical drilling data from driller’s logs were included.
In order to determine the effects of local topography and seasonal variations, 17 wells
were installed during this study in hydrogeologically important areas lacking data. Ten of these
wells were drive points or shallow dug wells in the wetland area.
Piezometer Installation
A rotary drill unit using continuous flight hollow stem augers was used for all well
installations. A 1.5 m piston core barrel collected core samples. Appendix A 2 contains logs of
the cores collected during this study. 98 wells are constructed with polyvinyl chloride (PVC)
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Figure 11.4 Well locations at the Bemidji, Minnesota research site.
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casing and protected at the surface with black steel well protectors; the rest of the wells are made
with either galvanized (93) or stainless (13) steel. Galvanized steel wells were used in the early
years of the project only.
Twelve- and ten-slot screen lengths are used throughout the site and are made of stainless
steel. Water table wells are screened across the water table with 1.5 m screens with the water
table located at the midpoint of the screen. Due to a lack of 0.5 m screens at times throughout
the years at the site, a few water table wells have 0.15, 0.46, or 0.6 m screens. Wells constructed
for piezometer nests usually have screens of 0.15 and 0.6 m length, which are located at varying
depths throughout the aquifer. Figure 11.5 displays the typical monitoring well constructed at
the site.
After construction of a well, the annulus surrounding the well was backfilled with the
original sediment creating a natural gravel pack at the well screen depth. The effective diameter
of the sand and gravel pack around the screen is approximately 0.3 m. Bentonite was then placed
above the screen, in order to prevent vertical flow along the casing.
Water Level Monitoring
Water level depths were measured using an Epic® electric sounder with an accuracy of
3 decimal places. Water levels were measured and recorded at irregular intervals prior to and
during this study. The water level measurements used for this study are listed in Appendix A3.
Water table maps were created on an IBM compatible computer using Surfer® 4.04.
Areas that did not have any wells were blanked out in order to prevent unsubstantiated
extrapolation by the program. Each water table map includes the numbers and locations of well
used for that time. The database of water levels was used to determine such information as
water level changes over time, seasonal reversals, vertical head gradient direction and amount
with depth, and regional horizontal head gradient direction and amount. Depth to water level
from the measuring point ranges from less than 1m to more than 30 m and averages 11 m
throughout the site.
Hydraulic Conductivity
Sediment cores were collected in the field, in clear butyrate liners, sealed to maintain
Figure 11.5 Typical well construction at the Bemidji, MN research
site, not to scale.
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moisture, and then transported to the laboratory where they were described, analyzed for location of
particle-size analysis, and measured for whole core hydraulic conductivity. The cores were then
frozen and cut into sections for further analyses of effective grain diameter and measured hydraulic
conductivities of individual cores. Effective grain diameter was used in determination of calculated
hydraulic conductivities. Measured and calculated hydraulic conductivities for each sample were
compared in order to compare the different procedures. Specific 1.5 m core lengths were labeled as
either homogeneous or heterogeneous cores, based on visual core descriptions. Resulting
measurements and calculations of whole core and individual hydraulic conductivities were compared
in order to get a better idea of the heterogeneity of the sediments. Anisotropy ratios were
determined for both calculated and measured hydraulic conductivities.
Measured (Permeameter) Hydraulic Conductivity
Falling and constant head tests, utilizing a marriotte bottle with a permeameter cell, were
used to determine vertical hydraulic conductivity on collected core samples at atmospheric pressure.
The permeameter cell consisted ofa chamber that holds the core sample in the original core sleeve
(Figure II.6). Collecting the core sample in tubing which fits into the permeameterallowed for
minimal core disturbance. Two porous stones sealed the ends of the core and two rubber gaskets
prevented expansion of the soil sample as saturation occurred. A vertical clear PVC tube, 3.8 cm
in diameter and 120 cm long, with a removable inner tube was used for constant head tests and
provided the water supply.
The method used for the constant head test conformed to ASTM D2434-68
(ASTM D2434-68, 1968). It is assumed that Darcy's law is valid and the hydraulic gradient is
essentially unaffected by hydraulic losses. The rate of flow was kept sufficiently small so that
disturbance ofgrains was minimal. Measurements for determination of hydraulic conductivity
were taken as soon as the sample was saturated and no leaks or trapped air throughout the system
were detected. Sample measurements were repeated until the measured hydraulic conductivities
were repeated within 5% accuracy. The majority of the samples were run 3 or more times,
however, a few cores with very low hydraulic conductivities were discontinued after two runs.
These particular cores would take several days to a week to saturate let alone produce a
repeatable value.
Figure 11.6 Schematic of marriotte bottle with permeameter cell.
Adapted from Olson and Daniel, 1981.
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The constant head test evaluates the hydraulic conductivity of samples that consist of




where Kis hydraulic conductivity (cm/s), Qis the volume of flow (cm 3 ) discharging in time, t (s),
L is the length of the sample (cm), H is the head loss (cm), and A is the area of the marriotte
bottle apparatus (cm2) (Das, 1985). Qis determined using the following equation:
Q = VA = (Rf - Ri) A (II.4)
where V is the volume of water, Rf is the final water level reading (cm), and Ri is the initial water
level reading (cm) (Das, 1985).
The falling head test uses the following equation:
*-(SMS)
where Kis hydraulic conductivity (cm/s), ais the area of the sample (cm
2), Ais the area of the
marriotte bottle (cm2 ), tis time (s), H; is the height of the initial reading above the tailwater (cm),
and Hf is the height of the final reading above the tailwater (cm) (Das, 1985). The falling head test
was conducted on cores containing low estimated values of grain-size and hydraulic conductivity.
Equivalent Vertical & Horizontal Hydraulic Conductivity
Equivalent vertical and horizontal hydraulic conductivities of the collected cores were







The following equations from Leonards (1962) were used in calculations;
Kz = (H.6)1 “ J Wt)J
where K
x
is the equivalent horizontal hydraulic conductivity (cm/s) for a vertical section, Kz is the
equivalent vertical hydraulic conductivity (cm/s), zj is the thickness of the layer (cm), and K[
(cm/s) is the homogeneous hydraulic conductivity for an individual layer. When Kx does not equal
K
z, the aquifer is anisotropic.
Anisotropy ratios of equivalent hydraulic conductivities were calculated using the
following equation:
( KxA
Anisotropy ratio = (II.7)
Calculated (Hazen’s) Hydraulic Conductivity
Grain-size is related to pore sizes, hence the relationship to permeability. Hazen (1911)
proposed that the permeability of a porous rock is proportional to the square ofa mean diameter
and a value that represents the distribution of the grain-sizes in a sample. Hazen’s approximation
is shown below;
k = (Cd 1 0) (H.B)
where K is the hydraulic conductivity (cm/s), C is a constant that varies from 100 to 150 for
loose sands (cnrV 1), and dio is the effective grain diameter (cm) where 10 percent of particles
passing are finer. A value of 100 (cnrV 1) for the C value was assigned to all samples. These
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Grain-size distribution of the collected core sediments was determined using the dry-sieve
analysis suggested by Folk (1974). The grain-size classification by Udden-Wentworth (1922) was
followed for this study. Principal groups are as follows:
gravel > 2 mm
sand 2 - 0.0625 mm
silt 0.0625 - 0.0039 mm
clay < 0.0039 mm
The sample were sieved for 10 minutes using a Ro-Tap shaker. Loss of sample was less
than 3%. Individual sieves and the respective contents were weighed to the nearest 0.01 gm.
Sieve openings on a log scale were used for most sediments, however on a few of the smaller size
fraction samples, the sieves were not chosen logarithmically due to problems with equipment
availability. The value for dio the effective grain diameter, was graphically determined on a log
scale graph of percent finer passing versus grain-size.
Numerical Flow Model
Two phases of modeling are introduced with a short description of their importance. A
more detailed description of the followed methods, results, discussion, and conclusions of each
phase are given in the section under the heading "GROUNDWATER MODELING".
Theory
MODFLOW is a U. S. Geological Survey finite-difference ground-water flow model
written in FORTRAN 77 that simulates groundwater flow in both two- and three-dimensions
(McDonald and Harbaugh, 1988). MODFLOW aids in the understanding of flow systems,
hydrologic budgets, and hydraulic properties of hydrogeological units. The model consists of
several packages for simulation of areal recharge, wells, drains, streams, evapotranspiration, and
various boundary conditions that deal with a specific feature of the hydrologic system. This
system allows for the effects ofeach specific feature to be examined independently.
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Finite-difference equations are solved through iteration of a strongly implicit procedure at
specified time steps on the following equation;
ck\ ( <9h A <9h ( <9h ( <9h A A <9h
Kxx + Kyy + Kzz =Ss “T- + W (II .9)
dx\ dx ) <9y y dy J <9z V dz) \^y)
where x, y, and z are cartesian coordinates parallel to major axes of the flow system, K xx , Kyy,
and Kzz are hydraulic conductivities in the x, y, and z directions (m/s), respectively, his the
hydraulic head (m), S s is the specific storage (nr 1 ), tis time (s), and Wis the volumetric flux per
unit volume (s'
1 ). This equation is valid assuming darcian flow is due solely to a gradient based
on boundary conditions. W represents a source or sink ofwater such as evapotranspiration or
recharge. The volumetric flux term represents recharge at the upper surface of the model, discharge
along the prescribed head boundary, discharge to wells, and leakage between surficial aquifer and
underlying bedrock. Groundwater flow is simulated using a block centered finite-difference method.
Modelplan
The initial phase of steady-state modeling incorporated data collected from the field and
compared simulated results with observed results as part of the calibration of the starting model.
The steady-state areal model generated flowpaths under the assumptions of constant recharge and
evapotranspiration in an isotropic and heterogeneous aquifer with fixed boundaries through time.
A sensitivity analysis of the steady-state model involved testing time-constant aquifer and model
parameters. Results were used to better define the model before simulations with time-varying
parameters. These conditions were tested under more realistic conditions by simulating the effect
of seasonal variations in recharge and evapotranspiration. Detailed description of steps taken and
the associated results are presented and discussed in a later section.




A study of the field surveys resulted in the location of representative zones to be measured
for infiltration rates (Figure 111. 1). These zones have varying vegetation type and amount, presence
or lack of oil on surficial sediments, depositional or erosional areas, slope, and soil type that effect
infiltration rate. The extent of the zone boundaries, associated range of areal recharge rate, and the
assigned weighted value for modeling purposes is indicated on the diagram. Distribution of the
location of in situ measurements is shown. Results of in situ incremental infiltration velocities
are displayed in Appendix A6. Distinctive vegetative zones are shown in Figure 111.2 and described
in Table 111. 1, oil presence on surficial sediments is mapped in Figure 111.3, and surface water
behavior (depositional and erosional areas) are mapped in Figure 111.4. Appendix A 7 lists the
results of the soil survey.
Surface Conditions
Infiltration zone A is highly vegetated with dense 6-15 m pine trees of up to 40 cm in
diameter, aspens, oaks, shrubs, grasses, bushes, moss, and ferns (Figures 111. 1; Figure III. 2; Table
111. 1). Fallen dead trees are strewn throughout the ground cover. The slope in this area is a
relatively small, except in the kettle area. In situ measurements were taken at well locations 605
and 701 and grid locations HI, B(-2), and I(-2). This zone has infiltration rates in the range of 6.3-
13.1 m/d with a mean of 9.03 m/d, median of 8.74 m/d, and mode of 8.74 m/d. Zone A was
assigned a value of 9.03 m/d and weight factor of high for modeling purposes.
Infiltration zone B consists of a thin cover of grasses and a few pines less than 6 m in
height. Topography is of a fairly level plain that receives most of the human and machinery traffic
a the site. In situ measurements were taken at grid locations El and G(-4) (Figure 111. 1). Values
range from 2.9-5.4 m/d with a mean of 3.79 m/d, median of 3.6 m/d, and mode of 3.6 m/d.
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Figure 111. 1 Infiltration rates and zones at the site
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Figure 111.2 Vegetation type, location, and abundance at study site.
An explanation of vegetation zones is in Table 111. 1
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Figure 111.3 Survey results of presence of oil on surface
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Figure 111.4 Surface water flow direction and locations of focused
recharge and sediment deposition.
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A value of 3.79 m/d and a weight factor of low was applied for modeling purposes.
Table 111.l
Grasses and small (less than 50 cm in height) revegetated pine trees are present in
infiltration zone C. The topography is relatively flat to gently sloping. Zone C contains two
measurements sites at grid locations K 4 and C 9 (Figure 111. 1). Values range from
4.3-7 m/d with a mean of 5.79 m/d, median of 5.9 m/d, and mode of 6.53 m/d. A value of
5.79 m/d and a weight factor of medium was assigned for modeling purposes.
The oily areas (infiltration zone D) tire mostly bare with many pebbles and cobbles on the
surface. The only vegetation present is sparse grass, less than 2 feet tall, and a few small
revegetated pine saplings (less than 50 cm in height) (Figure 111. 1). The slope is moderate and
varies in direction. Zone D is characterized by measurementsat grid locations D 7 and F 7
(Figure 111. 1). The mean is 0.05 m/d, median is 0.05 m/d, and the mode is 0.05 m/d. Values
ranged from 0-0.07 m/d, however, a value of zero was assigned for modeling purposes. The
calculated values in this area arc closer to zero, as errors with construction and emplacement of the
ring might have allowed water to escape along sidewalls.
Vegetation Zone Description
I Dense pines, ~15 m tall, 30 cm in diameter
Shrubs, small oaks, aspens, ferns, grasses, moss
Fallen dead trees
II Moderately dense pines, ~3-8 m tall, 11-40 cm diameter
Shrubs, ferns, grasses, moss, lichens
Fallen dead trees
Ill Thin grass cover
Few pines ~6 m tall
IV Grass cover
Small 50 cm tall pines from revegetation project
Moss
V Almost bare of vegetation
Some small 50 cm tall pines from revegetation project
VI Wetland vegetation in water
Thick bed of grass, moss
Zone surrounded by trees
VII Dense 6-10 m tall pines
Shrubs, aspens, grasses, moss
Fallen dead trees
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In the wetland area (infiltration zone E) vegetation consists of mostly grass and moss and
are growing year round in saturated sediments. The edges of the wetland area are lined with trees.
Since water creates the surface in this area, the slope is flat. Surrounding the wetland, the ground
surface slopes at a moderate to high angle into the wetland. This zone was not measured for in
situ infiltration rate, as it is a water surface and is characterized by infinite recharge. Rainfall that
falls over that area directly recharges the groundwater.
Surface Processes
Infiltration rates are high in both the lush forest and grassy dry soil covered areas,
however, rates in the barren or less vegetated area (spray zone) were significantly lower. Surficial
soils in areas receiving human and machinery traffic (Zone B) are compacted and subjected to break
up of surface structure. Compaction has created tighter soils and possibly closed some vertical
paths for gravity flow, creating lower infiltration rates than in the undisturbed neighboring areas.
Overland flow and erosion in the spray zone during a precipitation event was observed
after only 10 min of a light rain. Water does not infiltrate, but pools on the surface and flows
downslope as sheet flow over the impermeable oily surficial sediments. The majority of surface
water flows to the south-southwest and infiltrates into soil near the wetland and at well 957. A
smaller amount of surface water flows to the northwest and infiltrates into the soil in a small
depression. Channels of water transport sediment and eventually deposit it in lower lying areas on
top of previously deposited sediments which overly previously clean soil. This forms thick oily
sand bodies on top of clean permeable soil. Highly contaminated water pooling up on the sand has
been measured to have a dissolved organic carbon greater than 200 ppm (Bennett, personal
communication, 1991).
Water pools up on top of the oily sediments. If the precipitation amount is high enough,
the water flows over the oily sand, possibly recharging into the aquifer. Recharge of this
contaminated water into the aquifer would be sporadic and dependent on the rainfall event and
temperature conditions. If the precipitation event is short or of low rate, the fluid will most likely
evaporate before it has a chance to transport sediment or infiltrate into the soil. This is especially
true when the temperaturesare high in the summer.
46
Organic Carbon Content
Analyses of 57 oily samples resulted in an average of 1.674% organic carbon by weight
with a standard deviation of 0.71%. Values range from 0.52 to 4.024% organic carbon, with a
median of 1.69% organic carbon by weight. Results are displayed in Appendix AB.l.
Analyses of 70 non-oily samples resulted in an average of 0.76% organic carbon by
weight. Values range from 0.13 to 2.06% organic carbon with a median of 0.68% and standard
deviation of 0.36%. Results are displayed in Appendix A8.2.
Figure 11.3 displays the contoured values of percent organic carbon by weight and the
distribution of sample locations. Most of the site soil contains 0-1.5% organic carbon by weight,
however, in the south-central portion of the site there are higher values ranging from 2-4% organic
carbon by weight. This area is within the spray zone where the oil sprayed and drained and was
expected to contain sediments with high percent organic carbon. Soils containing higher percent
organic carbon are located in depositional areas within the spray zone. Percent organic carbon
decreases uphill and away from these depositional centers. A pattern similar to the path of drained
oil is seen in the contoured values of percent organic carbon (Figure II.3; Figure III.4).
A small isolated area having oil on the surface (X=4o m and Y=-80 m in Figure II.3)
range from 1 to 2% organic carbon by weight. This location was a topographic low in the path of
draining oil toward the wetland, which retained a significant amount of crude oil. Bennett
(personal communication, 1991) determined that groundwater in a nearby well (well 982) contained
free products. It is possible that the oil on the surface at this location provides a source for
groundwater contamination seen in nearby wells.
Particle-Size Analysis
Appendix A 4 lists the results ofparticle-size analysis completed on 103 core samples.
Percent sample loss or gain was less than 5% for all samples. Values of dio, effective grain
diameter, are listed in Table 111.2 and Appendices A 4 and A5.
Figure 111.5 displays the range and average grain-size distribution curves determined from
grain-size analysis of 103 core samples from my collected cores. Grain sizes vary from silts to
gravel, but are mostly in the sand size fraction. Values of dio ranged from 0.038 to 0.37 mm
































Figure 111.5 Range and average of grain size distribution curves of




distribution curve indicates an average dio of 0.13 mm and dso of 0.31 mm. (d5O is the location
where 50 percent of the grain sizes are finer.) The curve is slightly bimodal with modes of
0.13 and 1 mm.
dio is plotted against depth from the land surface in a series of graphs in Figure 111.6.
The location of the water table, collected from June 1990 data, is displayed on each plot. The dio
at the water table ranges from 0.08 to 0.28 mm with a mean of 0.17 mm, median of 0.16 mm,
and standard deviation of 0.06 mm. Large differences in dio occur in the vicinity of the water
table (wells 702c, 984,012, 019, and 021). An increase in dio is present immediately below the
water table (wells 702c, 982, 984, 013,020,and 021), however, dio decreases at depth.
Visual Core Descriptions
Stratigraphic data from this study (Appendix A2) was compared with previously collected
well logs. The characteristics of three distinctive sedimentological units, gravel layers, silt layers,
and wetland sediments, are presented in this thesis and were determined from core data from this
study only. The majority of sediment samples were mostly moderately sorted medium sands.
Gravelly sands in well locations 702 c and 019 correlate to a similar unit at well location 702a.
This unit varies in thickness from 1-1.5 m and is located with the top coinciding with the location
of the water table. Northeast of the wetland area, sediments in well locations 982 and 020 correlate
with sediments in surrounding well locations 417d, 418c, 419c, and 001. All well logs have a
thick unit, up to 16 m thick, of predominantly medium to coarse sand with a few finer-grained
layers located sporadically throughout the outwash.
Gravel Units
Stratigraphic interpretations indicate the presence of a thick granule and pebble gravel unit
that underlies most of the site at depths below land surface of 1-10 m (Figure III.8; Figure III.9).
The unit varies in thickness from 1 to more than 3 m and extends laterally more than 440 m.
Table 111.3 lists in detail the location of the gravel unit.
In addition to the large gravel layer at depth, several smaller discontinuous gravel units are
located throughout the sediments. A discontinuous unit ofmedium to very coarse sand with











































Figure 111.7 Topographic map with stratigraphic cross sections
seen in Figures 111.8 and 111.9.
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Figure 111.8 Stratigraphic and topographic profiles of wetland area. Refer to Figure
111.7 for location of cross section and Appendix A 2 for explanation of sediment
symbols. Stratigraphic interpreations made from sediment textural analysis and visual
core descriptions
54
Figure 111.9 Stratigraphic and topographic profiles across site. Refer to Figure 1H.7 for location of
cross section and Appendix A 2 for explanation of sediment symbols. Stratigraphic interpretation
made from sediment textural analysis and visual core descriptions
Table 111.3 Gravel Units
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Depth below Elevation Average
Well land surface m, msl djQ, mm Description
LARGE GRAVEL UNIT AT DEPTH
983 4’ 4” 423.6 0.15 medium/coarse/very coarse
sand with pebble gravel
984 21' 4.5" - 24’ 422.9 - 423.7 0.25 granule/pebble gravel
003 3’ 0.25” 423.6 medium/coarse/very coarse
sand with pebble gravel
007 3’ 6.75” 423.7 - “
008 4’ 9.75” 423.7 - “
009 3’ 2” 423.5 -
010 2’ 6.25” 423.7 -
011 8"-2' 10" 423.7 - 424.4 0.18 medium/coarse sand with pebbles
012 1'0.5"-3'6" 423.9 - 424.7 0.21
021 15’-24'2" 422.2 - 425.0 0.28 granule/pebble gravel with
medium/very coarse sand
DISCONTINUOUS GRAVEL UNITS
A. Medium/very coarse sand with granules/pebbles
702c 10’ 1” - 14’ 4.5” 422.8 - 424.1 0.12 poorly sorted, *1, *2
019 23’7”-24’2” 423.5 - 423.7 0.08 poorly sorted, *3
25’ - 26’ 2” 422.9 - 423.3 0.12
“
020 27’ 8” - 28’ 422.8 - 422.9 0.10 -
B. Alternating sequence of coarse and slightly finer sediments
982 5’-6’ 425.9 - 426.3 0.305 medium/very coarse sand with
pebbles/gravels
019 5’0.5”-7’4” 428.65 - 429.35 0.25 poorly sorted medium/very
coarse sand with granules,*4
020 1’ 1” - 8’ 1.5” 428.9 - 430 0.21 medium/coarse sand with
fine/very coarse sand
8’ 2.25"-18' 2.5 425.8 - 428.8 0.14 ", *5
021 7 9" - IT 1" 426.2 - 427.2 0.3 medium/very coarse sand with
granules/pebbles, *6
C. Very coarse sand to pebble gravel
981 2’7"-3’4" 424.9 - 425.2 - -
* 1 A silt layer with a dio of 0.06 mm is present within the gravel unit at 10’9” - 11’ 5” (423.7 -
423.8 m, msl).
*2 A medium to very coarse sand envelopes this unit.
*3 A fining upward sequence of medium to coarse sand envelopes this unit.
*4 A 5.1 cm thick, very fine silt layer (dlO = 0.053 mm) is present at 6' (426.3 m, msl).
*5 A 12.7 cm thick, very fine sand layer (dlO = 0.07 mm) is present at 10’ 2.25” - 10’ 7.75” below
land surface.
*6 A 22.7 cm thick very fine sand (dlO = 0.09 mm) is present at 8’ - 8’ 8.95” below land surface.
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It ranges in thickness from 0.1-1.3 m and extends laterally more than 30 m. A second
discontinuous gravel body is found at wells 982, 019, 020, and 021 (Figure III.8; Figure III.9).
This unit is characterized by an alternating sequence of coarse and less coarse sediments, varies in
thickness of 0.3 - 3 m, and extends laterally no more than 240 m. The third discontinuous body is
located at well 981, where a very coarse sand to pebble gravel extends laterally no more than 50 m
(Figure lll.9).sequence of coarse and less coarse sediments, varies in thicknessof 0.3 - 3 m, and
extends laterally no more than 240 m. The third discontinuous body is located at well 981, where
a very coarse sand to pebble gravel extends laterally no more than 50 m (Figure III.9).
Silt Units
A thick, continuous silt layer is found at well locations 702c, 019, and 020 (Figure III.9).
The water table and the large gravel unit, previously discussed, directly overlie this unit. The silt
layer varies in thickness from 0.4 to 0.7 m and extends laterally no more than 180 m.
Smaller, thinner discontinuous silt layers are scattered throughout the site laterally and
vertically (wells 702c, 982, and 019 in Figure III.9). Table 111.4 lists the silt units found at well
locations.
Wetland Area
The wetland area consists mostly of fine to medium sands (wells 011 and 012 in
Figures 111.8 and 111.9, and well 983 in Appendix A2). Tree material was found near the land
surface in well 980. Near the water table, grain size increases to very coarse sandy gravel with
some pebbles and boulders.
Groundwater Monitoring
Water Table Maps
Water table maps were generated from water levels taken throughout 1989-1991 (Figures
111. 10-111. 17). Water level data of water table wells is displayed in Appendix A3. Locations of
water table wells used for generating each map are indicated for each time period. Equipotential
Table 111.4 Silt Units
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Depth below Elevation Average
Well land surface m, nisi djO’ mm Description
LARGE SILT UNIT NEAR THE WATER TABLE
702c 15’ - 17' 4" 421.9 - 422.6 0.12 coarse silt with medium sand
near bottom
019 28' 4" - 29' 6" 421.6 - 422.3 0.11 silt to very fine sand
020 27' 8" - 29’ 2" 422.4 - 422.9 0.11 very fine/fine sand
SMALL DISCONTINUOUS SILT UNITS
702c 10' 9" - 11' 3" 423.8-423.9 0.06 medium/coarse silt
982 6' 0.25" - 6' 3" 425.9-425 0.038 coarse silt with very fine sand
10' 1.5" - 11’ 1.5" 0.062 -
984 11’ - 14’ 3" 425.9-426.9 0.052 coarse silt
16' 0.75" - 21’ 4" 423.7-425.4 0.09 coarse silt/very fine sand
019 3’ 2.5" - 3’ 3.5" 429.89-429.91 0.06 coarse silt/very fine sand
7’ 4.5" - 8’ 4.25" 428.3-428.6 0.06 coarse silt/fine sand
29’ 5.5" 421.9 *1 clay/very fine silt with angular
granules (till)
5’ 11" - 6' 1" 420.04 - 429.1 0.053 -
** Upon completion of core retrieval for this hole, the auger was found to be coated in a greenish-gray
clay to very fine silt with angular coarse granules. No sample was taken for grain-size analysis,
however, field observations indicated that this material was the most fine gained sediment found at the
site. It is described as a till.
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Figure 111. 10 August 1989 Water table map
Figure 111.11 September 8, 1989 Water table map
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Figure 111. 12 September 23, 1989 Water table map
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Figure 111.13 October 1989 Water table map
62
Figure 111. 14 June 1990 Water table map
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Figure HI. 15 August 1990 Water table map
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Figure 111.16 November 1990 Water table map
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Figure in. 17. June 1991 Water table map
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lines indicate flow direction and local anomalies in the flow system. Depth to the water table
varies from oto 11.4 m below the land surface. In areas not including the kettle and wetland, the
average depth to the water table from the land surface is 8.1 m. The location of the water table
with respect to geological sediments is shown in Figures 1.7, 111.8, and 111.9.
Groundwater mounding is typical in the kettle and wetland areas, although fluctuations
occur throughout the site. In the kettle area, mounding of the water table occurs at well 701a.
Flow is directed out of the kettle in a more east-southeast direction to converge with flow along
the main axis of wells (Figures 111.10, 111.12, 111. 13, 111.14, 111.15, and III. 17). Depressions or
mounds in the water table commonly occur in the spray zone, near wells 523 and 707
(Figure 111. 11; Figure 111. 16). In the wetland area, groundwater mounding is greater during the
summer months (Figure 111. 14, 111. 15, 111. 16, and 111. 17). The wetland area behaves as a
flow-through lake with flow out of the wetland typically ranging from north to southeast,
eventually converging with the main groundwater flow direction.
Minor fluctuations that do not repeat over time are observed throughout the site and may
be as a result of improper measurements, as the response has not been detected before. In June and
August of 1990 and June 1991, several minor fluctuations in the flow field are present along the
main axis of wells and near wells 916 and 982 (Figure 111. 14 ; Figure 111. 17). Depressions in the
water table occur at wells 703, 710, and 004 (June 1991; (Figure 111. 17)).
Seasonal and Annual Fluctuations
Water table elevations at the site for the years 1989-1991 are displayed in Figure 111. 18.
The effects of unusually low precipitation and high air temperatures are seen in the decrease in
water levels over the three years of water level records. A similar pattern of water level changes
through time was observed. Water levels during August 1989 to August 1990 decreased an average
of 13 cm. Water levels in wells near lake “1386" decreased an average of 14 cm with a maximum
decrease of 20 cm occuring in water levels closest to lake "1386" (well 925). Water levels in the
central area and spray zone decreased an average of 11 cm. In the kettle area, an average of 15 cm
decrease in water levels was measured. From June 1990 to 1991, water levels fluctuated almost
half as much with average water level increases of 8 cm and average decreases of 4 cm.
Water levels are usually high from June to the early part of autumn and then drop off
steadily throughout the rest of the year (August to September 1989 in Figures 111. 10 and 111. 11;
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Figure 111. 18 (a) Water level measurements of water table wells in the central and
spray zone areas.
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Figure 111. 18 (b) Water level measurements of water table wells in the woodsy
northeastern section near lake "1386" and the kettle.
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September to October 1989 in Figures 111. 12 and 111. 13; August to November 1990 in
Figures 111.15 and 111. 16). Large decreases in water levels were measured in wells 925 (12 cm),
003 (45 cm), 011 (30 cm), and 983 (34 cm), and the wetland staff gage (50 cm) during June
through August 1990. The wetland averaged a 25 cm change in water level, however, the rest of
the site changed only 5-7 cm.
Water levels in piezometer nest wells are displayed in series of graphs in Figure 111. 19.
Graphs indicate the presence of upward or downward flow as well as possible seasonal fluctuations
or reversals. A few of the wells indicate change in direction ofvertical flow through time. Even
in the piezometer nests which do indicate change with time, the fluctuations are minor and do not
repeat a pattern over time.
In the spray zone, water levels in the well 523-707 series have a downward flow direction
over the top 2 m in August. Over the next three months, flow direction is near horizontal with a
slight upward flow component. During 1990, water levels in the well 310 series indicated a
reverse in vertical flow direction from June (downward) to November (upward) over a depth interval
of 0.7 to 17.3 m below the water table (Appendix A9).
Water levels in the central region of the site fluctuate to a larger degree with time than
those throughout the rest of the site. Water levels in the well 417 and 418 series indicate a
reversal of flow direction from June to August 1990 in the top 5.2 m and 8.4 m, respectively,
below the water table (Appendix A9). Similar response in the well 532 series is seen during June
and August of 1989 and 1990.
Vertical Head Gradients
Groundwater flow patterns through the site indicate a small recharge-discharge system
(Figure 1.9). Downward flow is more prevalent in the upgradient section, southwest of well 530,
suggesting the location of a recharge zone. Flow is predominantly horizontal throughout the
center of the site and becomes dominated by upward flow northeast of well 530 where the
horizontal hydraulic gradient steepens before approaching lake "1386" (Figures 111. 10, 111. 12,
111.13, 111.14, 111.15, 111.16,and III. 17). Water level data of piezometer nest wells are displayed
in Appendix A9.
South of the wetland upward flow near the water table occurs with an average upward
vertical gradient of 1:215 present in the top 4.5 m (wells 401, 503, and 504, Appendix A9) and
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Figure 111. 19 (a) Water level records of piezometer nests versus the screen center
elevation in the spray zone and regional areas. Upward flow is indicated by
negative slopes between screens and downward flow is indicated by positive
slopes between screens.
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Figure 111. 19 (b) Water level records of piezometer nests versus the screen center
elevation in the central and kettle areas. Upward flow is indicated by negative
slopes between screens and downward flow is indicated by positive slopes
between screens.
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Figure 111. 19 (c) Water level records of piezometer nests versus the screen center
elevation in the northeastern woodsy area near lake ”1386". Upward flow is
indicated by negative slopes between screens and downward flow is indicated by
positive slopes between screens.
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near horizontal to downward flow occuring deeper in the aquifer (Figure 111.19(a)). Flow in the
spray zone is dominated by a slight downward component and near horizontal flow. Flow direction
is typically downward over the first 7 m and then is approximately horizontal. Small fluctuations
in the vertical flow field at well series 310 are probably due to heterogeneities in the sediments.
Over the top 7 m, an average upward gradient of 1:20 was measured, however, immediately below
this level an average upward gradient of 1:3 was observed over an interval of 12 cm.
Approximately 7 m deeper in the aquifer, a 10 cm decrease in hydraulic head forms an upward
vertical gradient of 1:97 over a 9.7 m interval. Piezometers in the 523-707 series also indicate
several reversals in vertical flow direction where in the top 7 m, an average downward vertical
gradient of 1:480 is present (Appendix A9).
In the central area of the site where the northern oil plume is located, flow is
approximately horizontal (well 532 in Figure 111.19(b)). Slightly to the east of the northern oil
lens, vertical flow direction fluctuates both with time and depth (well 417 in Figure 111.19(b)).
Flow is predominantly horizontal, but commonly fluctuates near the water table, however, deeper
in the aquifer, flow direction is downward. Hydraulic head in the well 417 (Figure 111.19(b))and
418 (Appendix A9) series show a dominant downward flow component with an average vertical
gradient of 1:135 and 1:315,respectively.
Interpretation of water levels in piezometers, in the kettle area, indicate that flow is
predominantly upward. This contrasts with the water table maps, which indicate that a
groundwater mound is usually present at well 701a. A very fine sand to fine silt layer is present at
approximately 421.9 to 422.6 m, msl (wells 702 c and 019) and is possibly influencing water
levels. In fact, some of the data suggests confined responses at the 702 series. Above the silt
layer, lateral flow from well 701 a to well 702 a is under a gradient of 1:10. A comparison of well
702 a and wells screened below the silt unit (wells 702 b and 702c) indicates upward flow at all
times. Average gradients in the top 4 and 12.75 m below the water table is 1:74 and 1:262,
respectively. These wells act as if a confining layer is separating two saturated zones. Flow is
predominantly upward from the wells screened below the silt layer to well 701a. Flow at gradients
ranging from 1:45 to 1:5 is present at most times from wells above the silt layer
(wells 701 a and 702a) to the well in the silt layer (well 308).
Flow direction is mostly downward from wells screened above the silt layer in the kettle
area (wells 701 a and 702a) to well 308a, a well screened in the silt layer. The average downward
gradient is 1:14. Upward flow from the wells screened below the silt layer to well 308 a was
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present. Upward gradients increase with depth from 1:20 (measured over a depth of 2.2 m below
the silt layer) to 1:90 (measured over a depth of 11.3 m below the silt layer). Flow is mostly
horizontal with a slight upward component from well 702 c (deeper in the aquifer) to well 702b,
but a downward gradient was measured during June 1990.
The piezometer nests in the woodsy area, near lake "1386", indicate mostly upward flow
(Figure 111.19 (c)) The average vertical gradient is approximately 1:800. Piezometers in the well
925 series indicate upward flow along a depth of 18.5 m below the water table (Appendix A9).
Near the water table the average vertical gradient is 1:15 (upward), but at depth it decreases to
1:115 (upward). Compared with a regional horizontal hydraulic gradient of 1:352, groundwater
flow is predominantly vertical in this well.
Hydraulic Conductivity
For ease in viewing comparisons of hydraulic conductivities of core samples. Appendix
A 5 and Table 111.2 should be used in conjunction with this section. Appendix A 5 shows the cores
and hydraulic conductivities obtained from measurements and calculations. Hydraulic
conductivities and statistical data are listed in Table 111.2.
Measured and Calculated Hydraulic Conductivity
Hydraulic conductivities measured from a permeameter range from 10 sto 10-4 m/s with
a mean of m/s and median of 3.49x10' 5 m/s (Table III.2). Intrinsic permeabilities
ranged from 10' 1 1 to 10'7 cm- with a mean of 2.31x10~ 8 cm- and a median of4xl(T8 cm-
(Table III. 2). The largest range of hydraulic conductivity within a 1.5 m core length was at well
location 019, depth of 6.1-7.6 m, where 2.89x10'
7 to 2.45X10 -4 m/s was measured.
Measured hydraulic conductivities cover a large range of values representative of till to
gravel type sediments (Figure III.20). The majority of measured hydraulic conductivities range
from 10'6 to 10"4 m/s (Figure III.20), typically representative of sand size sediment.
Calculated hydraulic conductivities range from to 10'-7 m/s with a mean of
2.24x1(H m/s and a median of 3.24x10~ 4 m/s (Table 111. 2). Intrinsic permeabilities range from
10~8 to 10'6 with a mean of 2.57x10~
7
cm- and a median of 3.72x10~7 cm- (Table 111.2).








































020 with a range of 10'
6 to 10'4 m/s. Within a 1.5 m core length, the largest range was
calculated at well location 020, depth of 7.6-9.1 m having a range of 1.21x10' 6 to 1.44x10 4 m/s.
Plots ofmeasured rates versus the respective calculated rate indicate that although
hydraulic conductivities are close in agreement,calculated values tend to be higher than measured
values (Figure III.21). Calculated values consider the effect of finer-grained sediments on hydraulic
conductivity, however, these data indicate that thin seams of fine-grained sediment may have been
overlooked during visual core descriptions and most probably these thin seams impede vertical
flow in the core. Since is based on a weight fraction, the finer grained (and lighter) sediment
may not be truly represented in a sample for grain-size analysis. Results of these data indicate that
vertical hydraulic conductivity is greatly impeded by the presence of fine-grained sediments.
Homogeneous versus Heterogeneous Sediments
Cores described as homogeneous, with respect to geological sediments, were also
determined to be hydraulically homogeneous. Most of the individual hydraulic conductivities at
different depth intervals did not vary more than an order of magnitude. At well locations 020,
depth of 0-1.5 m, and 982, depth of 4.5-6.1 m, measured hydraulic conductivities did not vary
outside an order of magnitude (Appendix A 5 and Table III.2). Calculated hydraulic conductivities
for homogeneous cores range over less than an order of magnitude.
Ranges of hydraulic conductivity in heterogeneous cores were on several orders of
magnitudes. At well location 019, depth of 1.5-3 m measured hydraulic conductivitiesranged from
10~7 to 10'4 m/s and calculated hydraulic conductivities ranged from 10'5 to 10‘4 m/s
(Appendix A 5 and Table III.2).
Equivalent Vertical and Horizontal Hydraulic Conductivity
73% of the measured and 97% ofthe calculated equivalent vertical hydraulic conductivities
were within the same order of magnitude as the equivalent horizontal hydraulic conductivity for the
same location and depth interval (Table III.2). 73% of the equivalent vertical hydraulic
conductivities from measured hydraulic conductivities were within the same order as the measured
whole core hydraulic conductivity of the same location and depth interval (Table III.2). 67% of the











































conductivities for the same location and depth interval (Table III. 2).
The effect that fine-grained sediments have on horizontal flow rates is not quite as drastic
as the effect on vertical flow rates. Equivalent horizontal hydraulic conductivity of measured rates
are in a close agreement with the respective calculated hydraulic conductivity (Figure 111.21(b)).
Equivalent horizontal hydraulic conductivity values obtained from measured and calculated methods
trom the same depth interval are also in close agreement (Figure 111.21 (c)). These data suggest
that calculated hydraulic conductivities are most representative of horizontal hydraulic
conductivities.
Approximately 85% of the anisotropy ratios calculated from measured hydraulic
conductivities are higher than those from the calculated hydraulic conductivities of the respective
depth interval. Anisotropy ratios for measured hydraulic conductivities range from 0.77 to 76 with
a mean of 15 and a median of 2. Anisotropy ratios of calculated hydraulic conductivities range
from 0.44 to 6.89 with a mean of 1.4 and a median of 1.07. These results are shown in Appendix
A 5 and Table 111.2.
Well location 019, depth of6.1-7.6 m, had an equivalent vertical hydraulic conductivity
of m/sec and an equivalent horizontal hydraulic conductivity of 1.55x10' 4 m/sec,
resulting in an anisotropy ratio of 76. However, the anisotropy ratio calculated using Hazen’s
hydraulic conductivity is 1.15. The presence of a 6.75 cm length of coarse sand with silt, within
the 48 cm long core of mostly medium to coarse sand, decreases vertical flow to a large degree.
Measured hydraulic conductivities account for sediment heterogeneity, but grain-size analysis may
not take into consideration this control, and as seen above, the anisotropy is lower than predicted
when compared to measured hydraulic conductivities.
Data Limitations
In Situ Infiltration Rates
Disturbance of the soil matter during excavation may have loosened up the soil near the
edges of the soil island. This might create a higher infiltration rate. It is possible that problems
with sealing off the sidewalls of the ring allowed flow through the space between the wall and the
soil instead of through the soil. Errors may have allowed for inaccurately measured infiltration
rates, however, the objective was to evaluate spatial variations in recharge.
79
Hydraulic Conductivity Measurements
Disturbances of the sample during drilling and transportation from Bemidji to Austin may
have caused cracks in the sediments allowing for inaccurately measured hydraulic conductivity
values. Due to time constraints, finer grained sediment may not have become saturated prior to
measurements of hydraulic conductivity. Presence of air bubbles within the sediment reduces the
cross sectional flow area, thereby lowering measured hydraulic conductivities.
The permeametercell and marriotte bottle setup was tested for repeatability within
5% accuracy in order to determine if the setup was valid as well as tested to meet standards
(ASTM 5084-90, 1990) for accurate representation of true hydraulic conductivity.
An error that may have caused a minor discrepancy between measured and calculated
hydraulic conductivities is the use of 100 (cnrV 1 ) for C, in Hazen's approximation, for all of the
sediment samples, however, using up to 150 (cnrV 1 ) for C was not significant enough to cause
the resulting discrepancy. Thin fine-grained seams not detected during visual core descriptions were
probably averaged into a large core sample when analyzed for effective grain diameter, thereby
creating a lower hydraulic conductivity when measured and a higher value when calculated from
particle-size analysis. Although cores were divided into lithologically different units based on
texture determined from visual core descriptions, it is possible that a few very small silt and very
fine sand layers were over looked.
Water Level Measurements
Water level records were taken with different equipment by a variety of people.
Measurements with the Epic® electric sounder could be reproduced within 0.001 m, however,
when the cut-and-tape method was used, measurements were not as reliable. Land surface
elevations are continuously updated due to faulty equipment and operator error. It is highly
possible that the latest survey of wells, completed after this study, has uncovered more incorrect
elevations.
IV. DISCUSSION
The parameters controlling groundwater flow are topography, glacial stratigraphy,
hydraulic characteristics of the surficial sediments, and the climatic conditions in the area. Small
depressions, such as lake “1386” , the kettle, and wetland, form the topographic relief at the site and
express the glacial activity which formed the hummocky terrain. Vegetation and soil types control
recharge amount and location.
Groundwater Response
Groundwater Hydraulic Conductivity
The results of visual core descriptions and particle size analysis indicated a wide range of
material composition, size, and sorting exists within the site boundaries. Hydraulic conductivity
is highly variable and ranges over 6 orders of magnitude (Table IV. 1).
The hydrologic values determined for the homogeneous sediments indicated that individual
(layer) hydraulic conductivities were on the same order of magnitude as the equivalent vertical
hydraulic conductivity, as were the equivalent vertical and horizontal hydraulic conductivities
(well 982, depth of 4.6-6.1 m and well 020, depth of 0-1.5 m). Throughout most of the site,
individual layers in the heterogeneous sediments are usually not on the same order of magnitude as
the measured whole core hydraulic conductivity. Sporadically placed thin fine-grained silt units
(well 019, depth of 1.5-3 m) cause lower equivalent vertical hydraulic conductivities.
Anisotropy ratios of equivalent hydraulic conductivities, ranging from 0.44 to 76 with a
mean of 15, suggests that flow varies to a wide degree throughout the entire site. The dominant
flow component is horizontal throughout most of the site, especially on the northern flank of the
kettle (well 019). A few locations indicate a dominant vertical flow component at varying depths
north of the wetland (wells 980, 982, 983, 984, 020, and 021).



















































































































































































































































































glacial drift aquifers are commonly characterized as homogeneous, it is clear that with the range and
distribution of hydrogeologic parametersat the site, the aquifer is heterogeneous. Large horizontal
flow components dominate the hydrologic system, however, local heterogeneities create reversals
in the dominant flow direction.
Groundwater Flow
The Bemidji research site is a local recharge-discharge system, which is affected by
climatic conditions and glacial stratigraphy. Seasonal and annual fluctuations in precipitation,
temperature, and evapotranspiration create perturbations in the flow field, especially in
topographically low areas where the water table is near the land surface. The characteristics of the
glacial stratigraphy control the storage and transmission of groundwater.
Influence ofClimatic Conditions
Variations in water table elevation were closely correlated with seasonal fluctuations in
recharge and evapotranspiration. Larger fluctuations and greater climatic influence was observed in
areas of shallow water tables, such as the kettle and wetland. This would suggest that yearly or
seasonal fluctuations in rainfall, temperature, and evapotranspiration rates cause large fluctuations
in the flow field. Over the last 5 years, however, the dry seasons have lowered the water table,
probably decreasing the effect of local topography. Although fluctuations of up to 0.5 m were
measured in the flow field at the wetland, larger fluctuations might be expected under normal
annual climatic conditions.
The relationship between evapotranspiration and recharge is complex. Rainfall amounts
are high in the summer when evapotranspiration is also at a maximum. Only small amounts of
rainfall recharge the aquifer within the site boundaries during this time. Short storm events also
recharge the aquifer in the spring and autumn, when evapotranspiration is low. Winter
precipitation falls as snow and recharges the aquifer during the spring as snowmelt. These climatic
extremes are portrayed in the local groundwater system.
In times of precipitation and associated high recharge two areas of focused recharge are
located in the kettle and the wetland. Mounding occurs in the wetland and kettle area throughout
most of the year, however, these conditions may alter when high evapotranspiration rates influence
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recharge. Groundwater then flows out of these areas and converges with the regional flow
direction. Smaller fluctuations occur in the surrounding sediments, most commonly near oil
pools, contaminant plumes, and in the spray zone. During times of low recharge and a deep water
table, the water table is less affected by the influences of evapotranspiration.
Influence ofStratigraphy
The hydrostratigraphy is a significant control of the local groundwater flow due to the
presence of several finer-grained discontinuous layers that represent hydrologic discontinuities.
Groundwater flow is fast through large-grained sediments in the outwash, but within the outwash
sediments there are fine-grained layers, which slow groundwater and create local flow
heterogeneities imprinted on the regional groundwater system. Several reversals occur in the
vertical flow field. These areas often coincide with the location ofa fine-grained silt layer near or
below the water table.
In the spray zone, depressions and mounds occur in the water table (wells 523 and 707)
and probably result from the heterogeneity ofsediments. I suggest two explanations for the
response seen in these wells. First, consider a high water table where wells 523 (screen located in
the silt layer) and 707 (screen located slightly below the silt layer) have water levels that are
similar to other wells in the surrounding sediments. As the water table falls, downward flow
through the silt layer is slow and practically impeded. Water ponds on the silt layer, mimicking
the previously higher water table. Water levels in well 523 would be higher than in well 707,
indicating downward flow. Equilibration of the water levels to the normal water table in the
surrounding sediments eventually occurs and then recharge to the aquifer causes a rise in the water
table. Vertical flow through the silt layer is slower than normal and the equilibration of the water
table in well 523 to the actual level is delayed. Water levels in well 707 would register higher
than in well 523, indicating confined behavior. If this was the case, a depression would not occur
in the drier seasons. In actuality, the response seen is reversed, lower levels are seen in well 707
than in well 523. This process gives a credible explanation for mounding, however, it does not
give support for the depressions actually seen in the water table.
The second and more likely process is based on the combination of the unconfined aquifer
being recharge-dominated and the low hydraulic conductivity of the fine-grained silt. The rising
and falling of the water table when near the silt layer is controlled by the hydraulic conductivity of
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the silt layer. Recharge to the aquifer at the silt layer mounds water on top of the unit. Since the
spray zone has a semi-impermeable "membrane" of oil-coated sediments, recharge in this area is
commonly small. The water moves through the silt at a much lower rate than that of the
surrounding sediments. At times of low recharge, water moves slowly through the silt layer and
either does not reach the water table or is delayed recharge. The silt layer acts as a barrier to
downward flow and during low recharge seasons or events, a depression forms at the water table.
Water levels in the wells do not have confined behavior. It is likely that this process occurs
throughout the site on differing scales. Silt layers not yet detected may be causing some of the
other perturbations in the flow field.
Although the water table typically forms a groundwater mound in the kettle area,
piezometric data indicate upward vertical gradients, which usually support a discharge point or
depression in the water table. Heads in a few wells exhibit confined behavior, a theory that has not
been applied to the site in the past. However, if we examine in detail the flow direction between
wells and the exact location of the water table mound, a solution to the discrepancy is possible.
I suggest that a silt layer approximately 3 - 9 m below the land surface is causing the response of
the heads in the kettle.
It is possible that the silt layer acts as a local confining unit, separating two aquifers, and
retarding downward flow into the lower aquifer. Heads in the well 702 series act confined with
deeper wells exhibiting higher heads than those in shallower wells located above the silt layer.
Water in well 701 a is "clean" and indicative ofrecharge water. The low hydraulic conductivity of
the very fine silt, and possibly till (well 019, below 422.28 m, msl), forces recharge water to
build up and form a perched groundwater mound in the upper aquifer. However, this theory is not
supported by geochemical data and the fact that there is downward flow at the well 702 series
during some times of the year (Bennett, personal communication, 1992).
A more likely solution is that a small recharge-discharge system is present within the
kettle (Figure IV. 1). Well 701 a (located at the lowest point in the kettle) is a point of focused
recharge, receiving all of the runoff from snowmelt and precipitation events. During snowmelt,
overland flow transportsall of the surface water into the kettle and enters the unsaturated zone at
the lowest point in the kettle. At this location, recharge forms a groundwater mound that
recharges to the aquifer. Water table maps, piezometric and geochemical data support this
response displayed at well 701a.
Beneath the kettle, deeper in the aquifer, regional flow is upward, creating a small
Figure IV. 1 Possible flow pattern underneath kettle. Location of wells and screen
depths are shown. Arrows indicate groundwater flow lines. Hacthed pattern represents
silt unit at 3-9 m below land surface.
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discharge zone in the western portion of the kettle. During the warmer times of the year, when
rainfall is high, surface water entering the unsaturated zone in the kettle is more evenly distributed.
There is less focused recharge, which leads to or permits downward flow in the other areas in the
kettle. It is possible that evapotranspiration is greater in the western portion of the site, where
vegetation is lush, largely influencing the depression. Geochemical data (Bennett, personal
communication, 1992) indicates that water in well 701 a is "clean" recharge water, whereas, waters
from the other wells in the kettle are comparable to aquifer waters. This supports the theory of
"clean" recharge water moving down into the aquifer at well 701a, mixing with water originating
deeper in the aquifer, and forming the diluted water found at shallower depths in the western portion
of the kettle.
Surface Conditions & Processes
Surface conditions (soil types, vegetation, the amount of oil, and topography) strongly
affect the surficial processes occurring at the site. Infiltration rate and surface water flow
significantly affect the groundwater system.
The heterogeneity of the soil at the site is seen in the wide range of infiltration rates.
Areas with both a high percent organic carbon and high infiltration rates (vegetation zones I, 11,
and VII) are probably a result of lush vegetation (dense pines and shrubs) and a more open soil
structure produced by biological activity. Highly organic soils are covered with decaying plant
materials. The large amount of organic matter and the looseness of the soil cause fast infiltration
rates ranging from 6 to 13 m/d. In contrast, the hydrophobic soils in vegetation zone V are almost
bare of vegetation and have infiltration rates ranging from 0 to 0.07 m/d. Although infiltration
zone D was assigned a value of0 m/d, the measured values may be representative of the rate at
which water leaks into the soil along stems and roots of plants. Medium value infiltration rates
are indicative of undisturbed soils covered with grass and small pine saplings. Soil structure is
tighter without the presence of organic matter and cause slower infiltration rates than the soil in
the wooded areas.
Water table depressions in the kettle and wetland areas are probably caused by an increased
amount of evapotranspiration, which lowers the net recharge available to the aquifer at these
points. The water table is probably influenced by the presence of high consumptive use trees
(aspen and birch). These trees consume a large amount of water. During low rainfall seasons,
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excess water may be consumed before reaching the water table thereby creating less recharge to the
aquifer. During normal to high precipitation seasons, when the water table is shallow, within the
rooting zone, vegetation consumes water from both the water table and from rainfall infiltrating
the unsaturated zone.
In areas with very low infiltration rates, the amount of oil on grain surfaces can be related
to the low permeability of the soil. The higher the amount of oil, the lower the ease of flow of
water through and into the soil matter. Hult (personnel communication, 1991) suggests a
“Gore-Tex® effect" is acting in the spray zone. The oil material on the surface and in the top foot
of soil acts as a semi-permeable "membrane", allowing for transfer of vapor only. If water should
be below this cap of oil, it can only move downward to the water table or as vapor upward and out.
Gases can move up and out of the soil as well as into the soil, however, liquid is pooled on the
soil surface and repelled, much as rainwater is on a Gore-Tex® rain jacket.
Surface-water flow is redirected on the impermeable soils and hummocky terrain to locally
focused points of recharge. Depressions, such as the kettle, wetland and lake “1386”, receive
runoff from surrounding areas as do the low-lying areas surrounding the spray zone , which receive
all the rain falling onto and running off of oil-covered sediments. Where the water table is close to
the ground surface, focused evaporation in the unsaturated and saturated zone occurs and water
levels respond quickly to local climatic changes. Water levels are most likely to fluctuate to a
larger degree in these areas.
Currently eroding areas in the spray zone may eventually return to the pre-contaminated
rates. Zones characterized by low infiltration and high oil content may eventually obtain a higher
infiltration rate as the semi-permeable "membrane" is weathered and eroded. Areas formerly
characterized by clean sands and high infiltration rates may become covered by oily sediments that
eventually lower the infiltration rate.
Natural variabilities in infiltration rates and the presence of oil on surficial sediment, in
the spray zone causes variabilities in recharge rates. Recharge rates are usually calculated from
water level rises in wells and applied to an entire site. Even on the small scale at the Bemidji site,
this is not a good representation of temporal and spatial variations in recharge rate. Variabilities
result not only from the added influence of oil on grain surfaces in the spray zone,but from natural
sediment and vegetation differences and micromorphology of the land. Although landforms
(kettles, lakes, and wetlands) are of low relief, they significantly affect the hydrologic system.
V. GROUNDWATER MODELING
Steady-State Areal Model
This section includes a detailed methodology of model design, selection of initial
conditions, calibration, and verification. The steady-state model is used to generate a simplified
view of hydraulic heads under the assumptions of constant recharge and evapotranspiration in an
isotropic and heterogeneous aquifer with fixed boundaries through time. A copy of
MODFLOW 3.2 (McDonald and Harbaugh, 1988) was compiled, and modified for compatibility
on a Sun SPARCstation™ SLC workstation®. Simulated water levels were contoured using
MATLAB™ (SunOS™) and Surfer® (MS-DOS®).
Model Area and Grid Design
Preparation for model simulations involved determining the modeled area, type and
location of model boundaries, grid design, grid mesh size, and aquifer characteristics. The model
grid has dimensions of 640 x 700 m with the long dimension of the grid aligned along N37.7°E-
537.7°W (Figure V.l). The model design is a variable grid of 20 and 40 m wide blocks, creating a
22-column by 30-row by one-layer of blocks. The smaller cells are focused in the kettle, spray
zone, and wetland. The SIP solution technique was used with maximum iterations for closure of
50, an acceleration parameterof 1, and a convergence criteria for hydraulic head change of 0.001 m.
Initial Conditions
A constant head boundary was designated along the shoreline of lake "1386" (Figure V.l).
No-flow boundaries are located along the northern and southern borders of the modeled area, parallel
to the general groundwater flow direction. A small section along the southern no-flow boundary is
designated as a flow boundary. A topographic high, located south of the wetland, defines the
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Figure V.l Initial boundary conditions, Design A. Numbers listed along outside edge
ofrow and column numbers are referenced from the grid system shown in all previous
site maps. The large arrow indicates general groundwater flow directions.
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westernmost edge of The southern border. The bottom boundary of the modeled area is a
hydraulically tight basal till layer located approximately 25 m below the water table.
The aquifer was modeled as an isotropic and heterogeneous aquifer containing only horizontal
groundwater flow. Hydraulic conductivities ranging from 0.3 to 8.64 m/d (3.5x10' 6 to m/s)
were assigned to model cells (Figure V.2). Most of these values were chosen from permeameter
measurements or grain-size data of sediments at or near the water table. A hydraulic conductivity on
the order of 0.864 m/d m/s) was assigned to several areas having no data because this value is
the average hydraulic conductivity of the sediments determined from lab analyses.
Table V.l displays the time periods and associated optional packages to be applied in later
time-varying steady-state simulations. The total model period is 1095 days and is divided into
4 time periods. The first time period consists of730 days(1 time step) and represents a warm-up
period which allows for equilibration of water levels and decreases boundary effects. Time periods
11, 111, and IV represent seasons of different precipitation, temperature, potential evapotranspiration,
and evaporation. Time period II represents the winter and spring months of October through May,
a time when evapotranspiration and recharge rates are low. Time period 111 represents the month of
April, when a large amount of recharge occurs from snowmelt. Time period IV represents the
summer and early fall months of May through September. A time step multiplier of 1 is applied
for ease in interpreting monthly changes.
Table V.l Time Periods and Time Steps in Model
Time Time Simulated Month Water level Etp Recharge
Period Steps Response
I 1 2 year equilibration
II 1 October falling little rain
2 November falling no snow
3 December falling no snow
4 January falling no snow
5 February falling no snow
6 March falling no snow
III 1 April rising yes snowmelt
IV 1 May rising yes rain
2 June rising yes rain
3 July peak yes rain
4 August falling yes rain
5 September falling yes rain
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Figure V. 2 Areal distribution of hydraulic conductivity. Data is based on
stratigraphic data collected from grain size analysis and lab permeameter
measurements of sediments at the water table.
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Starting Water and Aquifer Bottom Elevations
Starting water level and aquifer bottom elevations from grid files of contour maps were
assigned to cells. The starting hydraulic head map was created from data in 67 water table wells
from the August 1990 data (Figure V.3). Starting hydraulic head values for the rest of the area
were estimated using known gradients, direction of groundwater flow, and topography. Values for
the aquifer bottom were interpolated from a map created from stratigraphic data in 19 wells
(Franzi, personal communication (1991); Figure V.4). The general head boundary package allows
for spacially varying conductance. Conductance values of 10 and 20 were assigned to general head
boundary cells because the equivalent hydraulic conductivity was within the range of measured
hydraulic conductivities at the site.
Recharge
Stark et al. (1991) showed that for the Mississippi headwaters watershed the best match of
simulated versus measured water levels in wells required a modeled recharge rate of 2.78x10"4 -
5.57x10' 4 m/d (4-8 in/yr). Helgesen (1977) used a specific capacity of 0.2 to calculate a recharge
rate of 3.55x10 4 m/d (5.1 in/yr) for the aquifer in the Bemidji area. The results of my field
research indicates that the actual recharge occuring at the site is less than these earlier estimations.
Collected field data was used to create a hydrograph of eight water table wells. These
constructions helped to determine recharge amount to the surficial aquifer during the spring
(Figure V.5). Areal recharge was calculated from the following equation by Rasmussen and
Andreasen (1959);
R = (Ep -Er)*(Sy)
where R is recharge in inches, Ep is the elevation of the water level at peak stage, Er is the
elevation of the water level at the recession stage on the same day as the peak stage, and Sy is the
specific yield of the surficial aquifer. Table V. 2 shows representative specific yields for respective
grain textures (Johnson, 1967) used in calculations for recharge.
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Figure V. 3 Starting water table elevation (August 1990 data,
see Figure 111. 15 for data collection wells)
Figure V. 4 Elevation and configuration of aquifer bottom (Contour lines modified
from Franzi, personal communication, 1991)
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Figure V. 5 Hydrograph method of estimating recharge to the surficial aquifer during the spring
Several observation wells at the site are displayed. The hydrograph indicates the rise and fall
of water levels throughout the year. The recession curve, a portrayal of groundwater decline
during periods of no recharge, is extrapolated to the date of peak stage.
Table V. 2 Associated Specific Yields of Sediments
The main assumption applied is that all water level rises result from areal recharge only. An
average recharge rate of 1.32x10~
4 m/d (1.9 in/yr) was calculated from data at several wells located
at the site.
The recharge package allows for simulation of unevenly distributed recharge rates. For
the calibration phase, a constant recharge rate (1.39x1 O'
4 m/d (2 in/yr)) was applied to cells in the
top layer of the model and was distributed evenly over the modeled area in order to simplify
calibration. The effects of an uneven recharge rate distribution are to be tested below in the
sensitivity analysis.
Evapotranspiration
Evapotranspiration, Et, the loss of water by plant transpiration and direct evaporation,
plays an important role at the Bemidji site, and was modeled using the Et package. As with the
recharge package, this package allows for changing conditions through time, as well as unevenly
distributedEt rates. This package takes into consideration three parameters, the Et surface,
extinction depth, and maximum Etp (potential evapotranspiration rate).
Et from the aquifer occurs when the water table is within the rooting zone of vegetation
and is greatest when the water table is at the land surface (Helgesen, 1977). The Et surface is the
elevation at which maximum Etp occurs should the water table be at or above this elevation. Land














Figure V. 6 Et surface (Elevation at which maximum
evapotranspiration occurs if the water table is above this elevation)
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topography at the site and estimated for areas lacking topographic data (Figure V.6). Estimations
were based on field observations and elevations of a few distant wells.
The extinction depth is the depth below the Et sutface that Etp ceases. This value for the
extinction depth was chosen based on vegetation type, field observations, and comparisons with
previous studies. A constant value of 3 m agrees with studies completed for similar vegetation
types (Thornthwaite and Mather, 1957; Johnston, 1970).
In the Et package, maximum Etp occurs at the Et sutface and decreases linearly with
depth. A constant Etp of 1.52x10'3 m/d (21.8 in/yr) was calculated, using Thornthwaite’s
equation (Thornthwaiteand Mather, 1955), with mean monthly temperatures and a correction factor
for the monthly sunshine duration at the associated latitude (Dunne and Leopold, 1978). Etp was
applied evenly over the modeled area.
Calibration and Verification
All of the chosen aquifer parameters (Table V.3) were representative of realistic values and
had been determined from site data or from local precipitation records. The model was calibrated by
comparing the simulated heads with field results. Simulated hydraulic heads compared well against
August 1990 field data (Figure V.7). Flow gradient increased towards lake “1386", as seen in field
data. Flow occuring in and out of the wetland and kettle showed a reasonable view of local flow
phenomena. Perturbations in the kettle area were depicted in simulated results. Flow rates were
also used as a determinant of when the model was ready for the sensitivity analysis (Table V.4).
Sensitivity Analysis
Phase two of steady-state modeling involved a sensitivity analysis, in which the
influences of time-constant and time-varying model parameters were determined. The time-
constant analysis focuses on determining the effects of elevation and configuration of the aquifer
bottom, evenly and unevenly distributedrecharge and Etp rates, conductance values, boundary
conditions, hydraulic conductivities, heterogeneity in the flow field, convergence criterion, and
response to water levels in the wetland and lake “1386" . A changing hydrologic budget with time-
varying parameters, recharge and evapotranspiration, is simulated in a series of steady-state models.
Table V. 3 Parameters chosen from Calibration Phase
Table V. 4 Resulting Rates (m3/d) from Calibration Phase
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AQUIFER PARAMETERS
Boundary conditions Design A
Aquifer bottom Variable configuration 406-410 m, msl
Initial head August 1990 data 422.45-424 m,msl
Anisotropy (Krow-Kcolumn)
Hydraulic conductivity Variable grid with 0.3-8.64 m/d m/s)
General head boundary conductances 20 (except for section south of wetland=10)
Potential evapotranspiration rate 1.52x10~3 m/d (21.8 in.yr)*
Et surface Land surface elevation 422.45-434 m, msl
Extinction depth 3 m
Recharge m/d (2 in/yr)*
SOLUTION PARAMETERS FOR SIP
Maximum iterations for closure 50
Acceleration parameter 1
Convergence criteria 0.001 m
* Value is evenly distributed over modeled area and is constant during model.
IN: OUT:
STORAGE= 0. STORAGE= 0.
CONSTANT HEAD = 0. CONSTANT HEAD = 20.852
RECHARGE = 36.418 RECHARGE = 0.
ET = 0. ET = 14.633
HEAD DEP BOUNDS = 12.273. HEAD DEP BOUNDS = 13.165
TOTAL IN = 48.691. TOTAL IN = 48.680
IN-OUT = 0.11055E-01 PERCENT DISCREPANCY = = 0.02
Figure V. 7 Simulated heads—Calibration phase.
Contour interval is 0.1 m. Water table elevation
is in meters above mean sea level.
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The time-varying analysis takes into consideration climatic changes and attempts to model how
each influences the groundwater system.
Time-Constant Parameter Testing
Aquifer and Model Parameters
Boundary conditions were tested with different designs for general head and no-flow
boundaries (Figure V.B; Table V.5). Results indicated that while boundary conditions did not
greatly influence hydraulic heads, each created large discrepancies in the flow budget. Designs B
and E were most similar to that in Design A. The presence of a constant head source at the
wetland (Design B) did not greatly effect the model. Designs C and D were similar to Design A
and indicated that it did not matter much as to whether the small portion of the boundary behind
the wetland was a flow or no-flow boundary. No-flow boundaries along the north and southeast
borders influenced flow and increased gradients into the lake. Head increases were larger in cells
near lake "1386". The effects of various elevations of a flat aquifer bottom were tested at 1 m
increments from 405 to 410 m, msl. Although the water table rose with a shallowing aquifer
bottom, the general hydraulic heads did not change. Heads in the wetland and along the southern
border did not fluctuate.
Anisotropies ranging of 0.25, 0.5, 1.5, 2, and 2.5 were tested and were not seen to
significantly effect the hydraulic heads. When the anisotropy ratio is applied, a preferred vector of
flow influences the path of a particle. Lower anisotropies direct flow in the southeast direction,
whereas higher values direct flow to the northeast, creating more flow out of the site.
Hydraulic conductivity was seen to greatly effect simulations. Evenly distributed values
of hydraulic conductivity were tested at constant values ranging from 0.0864 to 21.6 m/d
(lxlO-6 to 2.5x10~4 m/s). Simulations with hydraulic conductivities less than 8.64 m/d increased
water levels by over 2 m. Larger hydraulic conductivities were seen to decrease heads by less than
1 m. Hydraulic head simulations with values lower than 0.864 m/d did not closely fit field data.
A large depression typically formed in the wetland area. Simulations of hydraulic conductivity
values higher than 2.16 m/d did not show any perturbations in the flow field and produced
reasonably higher flow rates and volumes than the field data suggests. Overall, hydraulic gradients
decreased to at least 0.0018.
Figure V.B Boundary conditions for testing in steady-state simulations
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Table V. 5 Parameters Tested in Sensitivity Analysis
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Modeled Value Tested Values Comments*3









































































422.45 Lake 15-25 cm U




Kc = hydraulic conductivity of columns, Kr = hydraulic conductivity of rows
2
* m, msl = elevationin meters above mean sea level
of simulated head change from field data. U=upgradient location, node (7,21) and D=downgradient location, node (17,6).
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Various rates of conductance along general head boundaries were tested. Values along a
boundary were changed as a unit in order to simulate even flow from outside the grid. Values of
0.1, 1, 50, 100 m/d were tested. Unreasonably low conductance values (0.1-1 m/d) were seen to
greatly decrease gradient and hydraulic head in the simulated versions. Conductances of50 and
100 m/d were seen to produce the same hydraulic head contour lines as the calibrated model and
have a better mass balance.
The response of water levels in the aquifer to changes in the elevation of the wetland
and lake "1386" was tested by setting water body elevations at various levels which are within
the range of field data. Wetland levels ranged from 422.8 to 424 m, msl and lake "1386" levels
ranged from 422 to 423 m, msl. The general flow patterns were not influenced to a significant
degree. However, small perturbations in hydraulic heads were removed when high water levels
were simulated. All simulated flow patterns in the wetland runs were compatible with those of
the calibrated model. In fact, a few simulations more closely resembled the field data than
results from the calibrated model.. Higher water levels in the wetland produced reasonable flow
rates and flow gradients.
Lake level simulations were run with an evenly distributed starting water level of
424 m, msl, and allowed to equilibrate during the two year span in time period I. As expected,
flow gradients increased near the lake when low water lake levels were simulated. Very high
flow rates into the lake were produced from these lower lake level simulations. At lake water
levels higher than normal (422.8 and 423 m, msl), flow gradients decreased. Water levels farther
upgradient were only slightly influenced, however, those near the lake were raised by more than
50 cm.
Overall, varying the wetland water level influenced the flow system more than when
lake levels were varied. Lake levels were seen to influence head gradients near the lake. It is
apparent that the water level in the wetland is more influential to the majority of the site
groundwater system. When wetland water levels are high, local perturbations are removed from
the system.
Climatic Factors
Increments of evenly and unevenly distributed constant recharge rates were tested
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(Table V.6). The results of infiltration rate and field survey maps were used to create an unevenly
distributed recharge map (Figure V.9). Ranges of infiltration were assigned a weighting factor,
which was applied to the average recharge rate calculated from water level rises in water table
wells. Zones were assigned a value based on relative infiltration rates and the amount of area
covered by the zone. The resulting unevenly distributed recharge ranging from 6.96x10' 5 to
6.96x10~4 m/d (1 to 10 in/yr) were modeled to simulate the effects of actual precipitation and
infiltration rate variations.
For both evenly and unevenly distributedrecharge rates up to 2.78x10' 4 m/d (4 in/yr),
produced reasonable hydraulic heads. Mounding in the northern portion of the site and a small
depression in the water table near the wetland is formed with recharge rates ranging from 3.48X10"4
to 6.96x10 4 m/d (5 to 10 in/yr). For recharge rates greater than m/d (5 in/yr), up to
20 cm higher hydraulic heads occurs near the lake than further upgradient near the spray zone.
Overall, results of the unevenly distributed recharge rates produced slightly better results than the
simulations with the equivalent evenly distributed recharge rates, indicating the importance of
focused recharge on the local flow systems.
The influence ofEtp was tested with two different variable grids and evenly distributed
rates. Th first variable grid of Etp (Figure V.10) was based on types of vegetation at the site.
Another test of unevenly distributed Etp rates was run with areas north of the railroad having an
Etp or 1.39x10' 3 m/d (20 in/yr) and areas south of the railroad having an Etp of 8.35X10
-4 m/d
(12 in/yr). This design was chosen because more infiltration occurs upgradient than downgradient
of where the pipeline break occurred. For this particular run, water surfaces had an Etp of
2.09x10' 3 (30 in/yr). Unevenly distributed rates, based on vegetation, were seen to produce a
closer fit to field hydraulic heads than the other tested Etp conditions. However, the difference was
not significant. Evenly distributed Etp rates of and 1.74x10'
3 m/d (15 and 25 in/yr)
were also tested. As expected, low evenly distributed Etp rates formed a large amount of flow out
of the model and higher water levels throughout the site. Overall, flow patterns were only



































































































































































































































































































Figure V. 9 Zones of varying recharge
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Figure V.lO Map of evapotranspiration zones
based on vegetation type.
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Summary of Sensitivity Analysis
The factors that did not influence the model to a significant degree are the boundary
conditions, aquifer bottom elevation and configuration, anisotropy, conductance, and
evapotranspiration. Although each simulation exhibited large mass balance errors, boundary
condition designs did not greatly influence the hydraulic heads. However, when the entire northern
and southern boundaries were modeled as no-flow boundaries, high flow rates and gradients into the
lake were produced. Hydraulic head contour lines did not change with a flat aquifer bottom, but
water levels did rise with a shallowing aquifer bottom. Anisotropy values slightly effected the
direction of flow, but the amount was not significant enough to remove or alter local
perturbations. Reasonable values for convergence and boundary conductance did not affect the
model and in fact, some simulations exhibited a slightly closer fit to field data than the calibration.
Various Etp rates only seemed to slightly influence a small area just downgradient of the wetland.
Factors that did influence the model to a significant degree were lake and wetland water
levels, recharge, and hydraulic conductivity. Varying the wetland water level influenced the flow
system more than when lake water levels were varied. Simulations with low lake water levels
increased gradient near the lake. When the wetland water levels were raised, more of the site was
affected and local perturbations were usually removed from the system.
Recharge rates, whether distributed evenly or unevenly, influenced the amount of available
water in the model to a large degree. Simulations with recharge rates up to 4 in/yr closely fit field
hydraulic head maps, whereas those above 4 in/yr greatly affected the results showing a large
mound in the northern portion of the site and a depression in the wetland. Slightly better fitting
results were obtained with unevenly distributed recharge rates than with the evenly distributed
recharge rate.
Hydraulic conductivity influenced the flow patterns and budgets more than any other
parameter. Large mounds and depressions, unreasonable flow rates, and large hydraulic head
changes were produced with simulations having extreme values. Local perturbations were removed
in simulations with evenly distributed hydraulic conductivities.
Time-Varying Parameter Testing
The Bemidji site is greatly effected by seasonal and annual fluctuations. Therefore, the
previous simulation with constant rates does not simulate actual conditions. A series of
steady-state models, representing the changing seasons, is used to simulate these effects. Climate
may create local perturbations in the water table when the water table is near the ground surface
during extreme conditions. This next phase attempts to recreate these influences by introducing
a changing hydrologic budget.
The final parameters to be tested with changing climatic influences are almost exactly the
ones first chosen parameters prior to the sensitivity analysis (Table V.2). The exceptions are an
unevenly distributed recharge map (averaging 2 in/yr), a convergence criterion of 0.0001 m, and the
addition of general head boundary cells in the wetland. The resulting water table map
(Figure V.l 1) shows the closest fit to field data (Figure V.12). Simulated heads were mostly
within 10 cm offield data. However, in the wetland and northern areas, head differences up to
30 cm were simulated. The resulting flow rates are shown in Table V.7. A look at the system
under more realistic conditions is simulated with seasonal variations in recharge and Etp. With the
exception of changing recharge and evapotranspiration rates, all other parameters remain the same
as the calibrated and tested simulations.
Table V. 7 Resulting Rates (m 3/d) after Sensitivity Analysis
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IN: OUT:
STORAGE= 0. STORAGE= 0.
CONSTANT HEAD = 0. CONSTANT HEAD = 18.863
RECHARGE = 31.495 RECHARGE = 0.
ET = 0. ET = 12.636
HEAD DEP BOUNDS = 39.789 HEAD DEP BOUNDS = 39.786
TOTAL IN = 71.284 TOTAL IN = 71.286
IN - OUT = -0.199455E-02 PERCENT DISCREPANCY == 0.00
Figure V.ll Simulated heads following sensitivity
analysis. Contour interval is 0.1 m. Water elevation
is in meters above mean sea level.
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Figure V.12 Starting hydraulic head. Contour interval





During this study, unusually dry weather resulted in a declining water table. The deeper
water table was less effected by topography and local recharge variations than during normal
conditions. Also, during the rain periods in the summer months Etp is high as well and
precipitation is either not expected to recharge the aquifer or only one half of the potential recharge
is expected to reach the aquifer (Brassington, 1988). Snowmelt becomes the most important
recharge event.
Table V.B lists the values for recharge that were initially chosen for this simulation.
Time period I lasts 155 days and represents the summer season when recharge and Etp rates are at a
maximum. This period was used to equilibrate water levels. Total precipitation occurring in the
summer season (time periods I and IV) were averaged and then divided out evenly over the entire
155 days. Time period II simulates the months from October through March, when precipitation
is in the form of snow. As precipitation occurring in the winter months is most likely to be
snowfall, recharge to the aquifer is delayed until snowmelt begins in the spring.
April (time period III) receives all of the recharge from precipitation events that occurred
during the winter months. In addition, the recharge that normally occurs in April, due to
precipitation, is included and then the total amount ofpotential recharge is entered into the aquifer.
Time period IV simulates the summer months, having the same conditions as time period I.
Evenly and unevenly distributed recharge rates were simulated. Higher recharge rates were assigned
to areas identified as points of focused recharge.
Evapotranspiration
Etp rates vary seasonally and annually in the Bemidji area. Extreme temperatures occur
both in the summer and winter months. During the short time of this study, unusually high
temperatures were recorded in the summer months, along with lower precipitation rates. A deeper
water table is effected less by evapotranspiration than during normal conditions. The small
amount of water infiltrating the ground surface probably does not reach the water table when
subjected to high evapotranspiration rates.
Table V.B lists the values for Etp used to simulate the changing hydraulic heads. Time





































































































Significantly higher values of Etp occur during the summer months than in the winter months.
Winter precipitation is stored above ground, where snow may be subjected to evaporative losses.
As this amount is very low, the Etp rate for time period II was assigned a zero amount. Time
period 111, simulating the month of April, is assigned a low Etp rate of 7.35x10
4 m/d
(0.88 in/mo). Etp in the fourth time period is assigned the same conditions as in time period I.
Model Determination
Trial runs
The calibrated model, after completion of the sensitivity analysis, was run at the various
evenly distributed recharge rates shown in Table V.B. Recharge rates of6.96x10~ 5 , 1.39x10'4 , and
2.78x10“* m/d (1,2, and 4 in/yr) were tested because these values were seen to produce reasonable
hydraulic heads in the sensitivity analysis. The results indicated that although the model was
calibrated under constant recharge and Etp for a particular time, simulations were unable to
reproduce the field data within the range tested. All simulations showed depressions in the wetland
and large water table mounds in the northwest after the large snowmelt input of recharge in April
(time period III).
Although time period I (recharge rate of 6.96x10'5 m/d (1 in/yr)) modeled reasonable flow
rates and volumes, hydraulic heads did not change much. As expected, water levels increased from
March to April. The wetland did not form a mound, as earlier projected, but continued to form a
deeper depression at higher elevations. This could be due to the evenly distributedrecharge and
evapotranspiration. Due to the large amount of Etp, water levels slightly decreased. The final
hydraulic head maps in August and September were comparable with field data.
A recharge rate of 1.39x1 O'
4 m/d (2 in/yr) produced similar results, but showed a larger
flow gradient. Flow rates increased and flow patterns in the summer months did not fit field data
as well as in the previous simulation. Throughout the entire simulation, the wetland showed a
depression, which changed in size but not elevation. The last simulation, having a recharge rate of
2.78x10~ 4 m/d (4 in/yr), exhibited unreasonable flow patterns, allowing too much flow out of the
site in every direction.
An unevenly distributed recharge map was then simulated at 1.39x10~4 m/d (2 in/yr).
Hydraulic head contour lines were slightly better, however, the snowmelt recharge still caused a
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large amount of mounding in the northwestern and northern portion of the site. An increased
recharge rate at points of focused recharge only served to increase water levels in the depression,
not form a mound. This indicated that the model may have other parameters in need of
reevaluation.
As the model could not be calibrated in previous simulations, the following tests were
conducted to determine if any other constant parameters had been incorrectly chosen. Hydraulic
conductivities in the wetland, kettle, and lake area were tested at higher and lower rates. Forming a
water table mound in the wetland seemed plausible if at that point hydraulic conductivities are low
(0.3 and 0.864 m/d (3.47x10' 6 and 10~5 m/s) and recharge rates are high. The supply of water
would outweigh the movement of water through the silt and possibly form a mound. However,
simulations showed that low hydraulic conductivities only increased the depression depth and
during snowmelt recharge created a large water table mound in the northwestern portion of the site.
High hydraulic conductivities in the wetland (10 m/d (10 4 m/s) did not improve the simulation,
except for in the winter time period, which showed a small depression in the wetland.
A uniform hydraulic conductivity value of 2.16 m/d (2.5x10~ 5 m/s) removed all
previously modeled local anomalies and did not create the small perturbations in the kettle. As a
result of assigned general head boundaries in the wetland area, a depression in the wetland was
present. Spring (February) simulations closely fit the field data, forming a flow-through pattern in
the wetland. However, the snowmelt recharge created too large ofa mound in the northwestern
portion of the site.
As the wetland cells had been assigned conductance values, the following was simulated
to determine if these values had been incorrectly chosen. Simulations indicated that with a
conductance of0.1, a depression did not form in the wetland. Flow through conditions occurred at
all times and water levels were at an elevation that fit the field data more closely than the previous
tests. Row rates were reasonable, however, water levels were dramatically increased after
snowmelt and again, a large water table mound formed in the northwestern portion of the site.
Final simulation
Several attempts at calibrating the time-varying version of the final time-constant
simulation resulted in a reevaluation of model conditions and parameters. Although the model had
been verified after the initial calibration and sensitivity analysis, those model conditions were
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unable to produce a closely fitting time-varying simulation. In summary, large water table
mounds consistently formed in the northwestern portion of the site and depressions formed in the
wetland area. These features would unrealistically increase in size with decreasing hydraulic
conductivity and increasing recharge rate. Because the model was calibrated for a time period, it
seems unable to be verified in a time-varying simulation under the chosen time-varying
parameters. The following is a description of the parameters and model conditions which were able
to produce a simulation that closely fit seasonal groundwater flow response seen in field data.
The model parameters are the same as those finalized after the sensitivity analysis, with
the exception of hydraulic conductivity, distribution, and the assigned time period order. The
largest modification of input parameters was an evenly distributed hydraulic conductivity.
Although this design removed smaller local perturbations seen at the kettle area, this hydraulic
conductivity rate (2.16 m/d (2.5x10~5 m/s)) produced the closest fit to the desired field patterns.
The initial warm-up period (time period I in the final version after the sensitivity analysis) was
removed because the starting head values were actually field conditions from the August-September
time period. The new designated time periods are shown in Table V.9.
Evapotranspiration rates were applied evenly over the model and were constant throughout
each individual time period (Table V.9). The uneven recharge rate distribution was slightly
modified to have pronounced recharge in the lower lying areas at the site, such as the kettle,
wetland, and lake shoreline. The areally averaged recharge rate for each time period is displayed in
Table V.9. A total of4.3 cm (1.7 in) recharge occurs during the entire simulation (365 days).
Table V. 9 Time-Varying Conditions
Time Time Simulated Month Water level Etp Modeled Recharge Modeled Average
Period Steps Response Etp rate Recharge rate
I 1 October falling little 0 rain 0
2 November falling no 0 snow 0
3 December falling no 0 snow 0
4 January falling no 0 snow 0
5 February falling no 0 snow 0
6 March falling no 0 snow 0
II 1 April rising yes 7.45E-4m/d snowmelt 2.68E-4m/d
II 1 May rising yes 2.29E-3m/d rain 1.89E-4m/d
2 June rising yes 2.29E-3m/d rain 1.89E-4m/d
3 July peak yes 2.29E-3m/d rain 1.89E-4m/d
4 August falling yes 2.29E-3m/d rain 1.89E-4m/d
5 September falling yes 2.29E-3m/d rain 1.89E-4m/d
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Hydraulic heads are displayed in Figures V.13, V.14, and V. 15 for the simulated months
of August, February, and April, respectively, and the associated flow budgets are displayed in Table
V.lO. The water table in August resembles field data and has a slight depression in the wetland
area. Flow-through conditions may be present. Etp losses at this time are three times higher than
in the coming months. The February water table map indicates flow-through conditions in the
wetland. The water table is deep and is not influenced by local topography. In the month of
April, the aquifer is recharged from snowmelt and precipitation events. Approximately 0.8 cm
(0.32 in) of recharge occurs during this time. This amount is much lower than the potential
recharge calculated from precipitation data (3.8 cm (1.5 in)). Twenty-three percent of the annual
recharge was modeled to occur during April, the rest occurs in the summer and early autumn
months (time period III). In all time periods, the flow gradient closely fits field data and increases
towards the lake. Groundwater velocities, calculated from simulated hydraulic heads, ranged from
1.4x10~3 to 8.9x10~ 3 m/d.
Discussion
The main objective of the modeling was to calibrate a hydraulic head simulation of the
field observations and to infer groundwater flow patterns. This goal was obtained, however, the
model remains to be tested as a predictive tool for determining future conditions. An understanding
of the recharge-discharge relation aided in calibrating the rates with observed data. The sensitivity
analysis evaluated the importance of different processes such as recharge, evapotranspiration, and
boundary conditions and indicated which model and aquifer parameters control the groundwater
system. Stratigraphy, permeability of surface sediments, and the interaction between topography
and climatic conditions are the major controls. The steady-state model could not be calibrated
while subjected to typical climatic conditions and had to be adjusted before a verified version was
completed. The groundwater velocities are approximately one order of magnitude more than those
determined by others (Table IV. 1). This difference may be a result of the higher hydraulic
conductivities earlier estimated and measured from deeper within the aquifer.
The heterogeneity of surficial sediments and aquifer materials are controls on
hydrogeologic parameters. The hydraulic conductivity rate and distribution influenced the model
most. Evenly and unevenly distributed hydraulic conductivities, ranging from 1.5 to 2.16 m/d,
modeled water levels and flow rates that closely fit field data. The final version of the
Figure V.13 Simulated time
period 3, time step 4 (August). Contour interval
is 0.1 m. Water table elevation is in meters
above mean sea level.
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Figure V.14 Simulated time
period 1, time step 5 (February;. Contour interval
is 0.1 m. Water table elevation is in meters
above mean sea level.
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Figure V.15 Simulated time
period 2, time step 1 (April). Contour interval
is 0.1 m. Water table elevation is in meters
above mean sea level.
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Table V.lO Resulting How Budget from Time—Varying Simulation
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Time period III, Time step 4 (AUGUST)
CUMULATIVE VOLUMES m
3
RATES FOR THIS TIME STEP m'Vd
IN
STORAGE = 0. SrORAGE = 0.
CONSTANT HEAD = 0. CONSTANT HEAD = 0.
RECHARGE = 8617.5 RECHARGE = 51.654.
ET = 0. ET = 0.
HEAD DEP BOUNDS = 17032. HEAD DEP BOUNDS = 43.571
TOTALIN = 25649. TOTALIN = 95.226
OUT
STORAGE = 0. STORAGE = 0.
CONSTANTHEAD = 11985 CONSTANT HEAD = 40.744
RECHARGE = 0 RECHARGE = 0.
ET = 2542.4 ET = 18.896
HEAD DEP BOUNDS = 11123. HEAD DEPBOUNDS = 35.589
TOTAL OUT = 25650 TOTAL OUT = 95.23
PERCENT DISCREPANCY = 0.00 PERCENT DISCREPANCY= 0.00
Time period I, Time step 5 (FEBRUARY)
IN
STORAGE = 0. STORAGE = 0.
CONSTANT'HEAD = 0. CONSTANT HEAD = 0.
RECHARGE = 0. RECHARGE = 0.
ET = 0. ET = 0.
HEAD DEP BOUNDS = 9070.1 HEAD DEPBOUNDS = 60.467
TOTALIN = 9070.1 TOTALIN = 60.467
OUT
STORAGE = 0. .STORAGE = 0.
CONSTANT HEAD = 4601.8 CONSTANT HEAD = 30.679
RECHARGE = 0. RECHARGE = 0.
ET = 0. ET — 0.
HEAD DEP BOUNDS = 4468.5 HEAD DEPBOUNDS = 29.790
TOTALOUT = 9070.3 TOTAL OUT = 60.469
PERCENT DISCREPANCY = 0.00 PERCENT DISCREPANCY = 0.00
Time period II, Time step 1 (APRIL)
IN
STORAGE = 0. STORAGE = 0.
CONSTANT HEAD = 0. CONSTANT HEAD = 0.
RECHARGE = 2212.3 RECHARGE = 73.744
ET = 0. ET = 0.
HEAD DEP BOUNDS = 11629. HEAD DEPBOUNDS = 24.837
TOTAL IN = 13842. TOTALIN = 98.581
OUT
STORAGE = 0. STORAGE = 0.
CONSTANT HEAD = 6932.2 CONSTANT HEAD = 0.
RECHARGE = 0. RECHARGE = 47.001
ET = 199.25 ET = 0.
HEAD DEP BOUNDS = 6710.1 HEAD DEP BOUNDS = 44.930
TOTALOUT = 13842. TOTALOUT = 98.572
PERCENT DISCREPANCY = 0.00 PERCENT DISCREPANCY = 0.01
time-varying model was calibrated with an evenly distributed rate of 2.16 m/d. Although
simplistic, the modeled flow patterns and gradients closely fit field data.
Vegetation and soil characteristics influence the amount of recharge and its distribution.
Simulations with recharge rates higher than 2.78x10' 4 m/d (4 in/yr) were seen to produce a large
water table mound in the northwest portion of the site and a large depression in the wetland. The
water table mound was often large enough to direct flow out of the originally upgradient flow
boundary in the southwest. Simulations of evenly and unevenly distributed recharge rates, whether
applied as time-constant or time-varying, showed the same response. The model was calibrated
with an annual recharge rate of I.lBxlo~4 m/d (1.7 in/yr), which was unevenly distributed across
the site. Approximately 1.35 cm (0.53 cm) of evapotranspiration occurred over the simulated year,
with greater than 93% applied during the summer months.
The time-varying model simulates a large amount of water discharging into the wetland
from all directions. Flow gradient (0.0026) throughout the rest of the site is typical of field
conditions (0.0027) showing increasing gradient towards the lake. High water levels are present in
the summer (August). Approximately 10-20 cm of hydraulic head loss occurs by February when
the flow gradient (0.0024) is more evenly spaced over the site than in the previous season. Flow
is straight towards the lake. Runs with evenly distributed hydraulic conductivity rates did not
show any observed small field perturbations near the kettle. Snowmelt recharge begins in April,
increasing water levels about 10 to 30 cm. As recharge occurs, gradient is increased near the lake.
Overall, water levels are most affected near the wetland and lake “1386” , areas that respond quickly




The groundwater flow system at the Bemidji research site is strongly influenced by the
topography, glacial stratigraphy, characteristics of the surficial sediments, and climatic conditions.
Although landforms (kettles, lakes, and wetlands) are of low relief, they significantly affect the
hydrologic system. The heterogeneity of the aquifer material and surficial sediments control the
hydrogeologic parameters of the aquifer. The factorscreating seasonal changes in the hydrologic
system are recharge and evapotranspiration.
A wide range of material composition, size, sorting, and vertical anisotropy exists within
the aquifer. Horizontal hydraulic conductivities dominate the hydrologic system. However, some
locations are characterized by either higher vertical hydraulic conductivities or by vertical hydraulic
conductivities ofequal magnitude. Intrinsic permeability and hydraulic conductivity are highly
variable and range over 6 orders of magnitude. Although glacial drift aquifers are typically
characterized as homogeneous, it is clear that on the scale and the range and distribution of
hydrogeologic parameters at the site, the local aquifer is heterogeneous.
The stratigraphy controls the local groundwater flow system because several finer-grained
discontinuous layers form hydrologic discontinuities. Groundwater flow is fast through large-
grained sediments in the outwash, but within the outwash sediments the fine-grained layers slow
groundwater and create local flow heterogeneities imprinted on the regional groundwater system.
A fine-grained silt layer near or below the water table may influence the vertical flow field in areas
where seasonal reversals were observed.
In the spray zone, depressions and mounds occur in the water table and probably result
from the interplay of the water table and the fine-grained silt layer. Recharge to the aquifer at the
silt layer mounds water on top of the unit. Because the spray zone has a semi-impermeable
"membrane" of oil-coated sediments, recharge in this area is commonly small. The response of the
water table when near the silt layer is controlled by the hydraulic conductivity of the silt layer.
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Surface conditions, such as soil and vegetation type and abundance, amount of oil on
sediments, and hillslopc topography, largely affect the surficial processes occurring at the site.
Infiltration rate and surface water flow have a significant effect on the groundwater system.
Variabilities in these controls were shown to result not only from the added influence of oil on
grain surfaces in the spray zone, but from natural sediment and vegetation differences and
micromorphology of the land as well. During snowmelt and rainfall events, surface water flows
over the impermeable soils to locally focused points of recharge. Depressions, such as the kettle,
wetland and lake “1386”, receive runoff from surrounding areas, as do the low-lying areas
surrounding the spray zone, which receive all the precipitation falling onto and running off of oil-
covered sediments. Infiltration rate characteristics change as sediment is redistributed by erosion.
Currently eroding areas in the spray zone , areas characterized by low infiltration capacity and high
oil content, may increase the infiltration rate as the semi-permeable "membrane" is weathered and
eroded. Areas formerly characterized by clean sands and high infiltration rates may become covered
by oily sediments that eventually lower the infiltration rate.
A small recharge-discharge system is present within the kettle. During snowmelt,
overland flow transports all of the surface water into the kettle and enters the unsaturated zone at
the lowest point in the kettle. At this location,recharge forms a groundwater mound. During
warmer periods, when rainfall is high, recharge is more evenly distributed,allowing for occasional
downward flow at other areas in the kettle. "Clean" recharge water moves down into the aquifer,
mixes with water originating deeper in the aquifer, and forms a diluted water found at shallower
depths in the western portion of the kettle.
Variations in water table elevation were closely correlated with seasonal fluctuations in
rainfall, temperature,and evapotranspiration, especially in shallow areas, such as the kettle and
wetland. Focused evaporation can occur where the water table is close to the ground surface.
Water levels in these areas respond quickly to local climatic changes. In times of high recharge,
groundwater flows in a regional direction with two areas of focused recharge located in the kettle
and the wetland. Mounding occurs in the wetland and kettle area throughout most of the year.
Groundwater then flows out of these areas and converges with the regional flow direction. Over
the last 5 years, the dry seasons have lowered the water table, probably decreasing the effect of
local topography. Although fluctuations of up to 0.5 m were measured in the flow field at the
wetland, larger fluctuations should be expected under normal annual climatic conditions.
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MODFLOW was used to model the groundwater response to local climatic changes.
Significant factors were lake and wetland water levels, and rates and distribution of recharge and
hydraulic conductivity. The factors that did not influence the model to a significant degree are the
boundary conditions, aquifer bottom elevation and configuration, horizontal anisotropy,
conductance, and evapotranspiration.Overall, the model was most influenced by the magnitude and
spatial distribution of hydraulic conductivity. Although the final simulation of a changing
hydrologic budget was simplistic, the modeled flow patterns and gradients closely fit the field data.
The results supported an earlier suggestion that water levels are most affected near the wetland,
kettle, and lake ‘‘1386” .
Recommendations for future studies
During previous studies, only a few chosen wells in the vicinity of the oil lens have been
used for water level measurements. These limited data records do not give insight into the entire
site. Water levels in all wells should be taken on a weekly basis in order to determine short range
tluctuations in the flow field, particularly in the vicinity of the oil lens, contaminant plume,
kettle, and wetland. Correlations of weekly recorded precipitation and water level changes can be
used to determine the response time of water levels to storm events. Water levels in the lake and
the staff gages in the wetlands and nearby bodies of water should be measured more often to
determine if there is simultaneous water level change in this area or if local heterogeneities in the
geologic system determine the local response. Strategically important wells should be selected for
continuous water level recording.
Unsaturated zone studies, such as soil moisture profiles, are a next step to understanding
the spatial and temporal variations in the spatial distribution of infiltration rates at the site.
Seepage rates into lake ”1386'' have not been measured accurately and should be determined.
A study of the hydraulic conductivities determined from slug tests would be a worthy addition to
the site database of the distribution of aquifer parametersat the water table.
Stratigraphic features and processes are well constrained, however, the work is not
complete, nor has it been published in a journal outside of the U. S. Geological Survey . As the
entire database collected by other scientists is too large for this thesis to include, only the core
descriptions from the cores collected for this study were included. A more complete collection of
well logs is needed.
The combination of new water level records in the lake area and future modeling of the
groundwater system at the site should give more insight to the characteristicsand response of the
contaminant plume as it migrates towards lake "1386". Modeling of the groundwater system in a
locally focused area of recharge will be useful to researchers studying transport of contaminants in
similar geologic conditions. Characterization of the site can be used to develop a predictive model
at sites of contamination in similar geologic sediments and geomorphological features.
The prediction of flow patterns at the Bemidji site can be applied to similar cases of subsurface
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Appendix A 3 Water Table Elevation Records
Explanation
Well LOCATION Well August September September September October October 29- June 21- August November June
Number *a Type 3-4. 8, 23, 30, 19-21, November 1, July 5, 8, 26. 11-27,
Code 1989 1989 1989 1989 1989 1989 1990 1990 1990 1991
X Y *b (CB) (CB) (DB) (DB) (CB) (SIB, CB) (SIB) (KN/DD) (KN) (EK)
*c •d *e *f *g
(m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m)
*a is the coordinates of the well location in anx-y coordinate system with (+)X to N52.3°E.
*b is the type of well. L is a local water table well and R is a regional water table well.
•c is the elevation of water table on the given date relative to meansea level.
Measurements were taken by person listed in brackets. CB is Chad Bring.
*d DB is Don Boyce.
*e SIB is Sevinl. Bilir.
•f KN is Kevin Norman and DD is Doug Davidson.
*g EK is Elizabeth Klammer.
Blanks meanthat no measurement was taken, the well had not been contracted yet, or the data is missing.































































303a -48.18 -56.06 L 423.478 423.694 423.418 423.437
307a -160.37 53.31 R 423.365 423.523 423.334
310d -97.89 -239.60 L 423.996 423.949 423.952 423.930 423.929 423.733 423.423
311a 14.27 46.89 L 423.299 423.253 423.247 423.239 423.235 423.215 423.164 423.085 423.181
318a 1.13 0.38 L 423.435 423.387 423384 423383 423.376 423.348 423.351 423.215 423.532
401a 49.33 -485.01 R 424.240 424.229 424.193 424.159 424.173
402a -195.14 -931.11 R 425.809 425.791 425.771 425.706 425.717
403a -551.81 -2342.98 R 425.824 425.802 425.783 425.757
404a -835.57 -980.38 R 426.043 426.017
405a -380.37 -623.21 R 425.687 425.669 425.633 425.604 425.614
406a -798.13 -758.69 R 425.885 425.848 425.840 425.779 425.796
407a -847.39 -646.32 R 425.781 425.746 425.717 425.684
408a -563.63 -426.16 R 425.489 425.455 425.389 425.388
409a 139.87 -746.37 R 425.546 425.514 425.450
410a -798.13 -1214.40 R 426.190 426.159 426.221 426.060
412a -786.30 -373.63 R 422300 422264 422.185 422.203 422.136
413a -983.36 -51X37 R 425.671 425.632 425.577 425.565 425.528
414a 73.00 -301.41 L 423.967 423316 423.936 423.886 423.933
415a -354.75 -118.26 R
416a 7.13 20.93 L 423.369 423.317 423.315 423.319 423.278 423.244 423.153 423.245
417c 61.04 21.42 L 423.292 423.356 423254 423.242 423.227 423.163
418d 37.72 3.74 R 423.375 423.338 423338 423.324 423.598 423.272 423.270
419c 16.05 -13.06 L 423.439 423.400 423393 423.385 423.344 423.264 423.234
420b -3.57 -27.07 L 423.418 423.371 423.294
421b -26.71 -57.84 L 423.489
502a -786.30 -327.63 R 425.351 425.314 425.238 425.236 425.199
515a 26.39 74.84 L 423.220 423.176 423.174 423.172 423.158 423.145 423.109 423.020 423.120
516a 36.66 61.69 L 423.228 433.919 423.152 423.166 423.151 423.115 423.023 423.126
517a 9.14 67.22 L 423.424* 423.196 423.195 422.822 423.167 423.128
518a 0.53 -1.11 L 423.434 423.391 423383 423.378 423.382 423.348 423.327 423.217 423.239
519a -9.23 1.84 L 423.436 423.369 423.346 423.318
520a -10.19 -11.16 L 423.474 423.422 423.416 423.384 423.340
521a -28.70 -29.49 L 423.485 423.464 423.422 423.876
523a -53.58 -115.69 L 423910 423380 423.670 423.670 423.640 423.610 423510 423.620
527a 47.51 11X90 L 423.065 423.021 423.019 423015 423.006 422.990 422.946 422.872 422.965
528a 23.49 107.79 L 423.125 423.081 423.076 423.071 423.065 423.052 423.010 422.922 423.236
529a 34.77 116.02 L 423.067 423.021 423014 423.009 423.001 422.381* 422.945 422.860 422.947
530b 10.56 3X02 L 423.335 423.291 423.287 423.283 423.299 423.239 423.222 423.123 423.245
531a 3.57 9.12 L 423.396 423.361 423355 423.353 423.350 423.323 423.291 423.198 423.291
532a -3.64 -10.97 L 423.467 423.422 423.416 423.416 423.407 423.383 423.346 423.256
533a -7.96 -20.53 L 423.468 423.405 423.386 423.280 423.446
534b -11.52 -31.16 L 432.654 423 445 423.422 423.372
602a 260.85 -131.38 R 424.017 424.175 423.968 424.133
603a -66.84 -16X71 L 423.808 423.758 423.911 423.744 423.737 423.714 423.686 423.581 423.688
604b -41.39 -79.09 L 423.724 424.117 423589 423.583 423.561 423.529 423.541
605a 29.47 96.94 L 423.139 423.093 423.090 423.076 423.079 423.063 423.027 422.936 426.107*
701a -43.84 56.21 L 423.504 423.443 423.447 423.432 423.495 423.296 423.464
702a -60.34 40.07 L 423.471 423.425 423.428 423.409 423.396 423.362 423.357
703a -49.13 18.96 L 423.410 423.366 423383 423.349 423.330 423.237 423.291
706a -37.72 -3.91 L 423.464 423.467 423.405 423.381 423.359 423.340
707a -54.13 -117.62 L 423.732 423.684 423.680 423.667 423.668 423.639 423.601 423.513 423.617
708a -62.33 -143.77 L 423.796 423.745 424266 423.722 423.725 423.694 423.668 423.561 424.925*
709a -74.74 -184.01 L 423.878 423.827 424239 423.810 423.801 423.784 423.748 423.650 423.763
710a -68.86 -2.61 L 423.500 423.455 423572 423.441 423.413 423.384 423.230
801a 24.44 6X92 L 423.244 423.200 423.198 423.192 423.181 423.166 423.127 423.035 423.136
807a 32.76 73.84 L 423.190 423.147 423.103 423.014
808a 22.36 71.24 L 423.170 423.152 423.120 423.026
812a -8.94 -84.23 L 423585 423.577 423.555 423.532
815b -87.36 -145.60 L
816b -10.63 -171.46 L 423.851 423.790 423.781 423.818 423.732 423.748
912a 14.01 -53.32 L 423.463 423.450 423.408
913a -12.82 -71.80 L 423559 423.549 423.527 423.488
915a 160.13 -61.74 L 423.360 423.353 423.294































































919a 154.92 -29.71 L 423.284 423.281 423.142
925a 75.20 184.60 L 422.870 422.830 422.830 422X20 422X10 422.628 422.690 422.680
926a 230.72 145.65 L
927a 225.87 -55.13 R 423.286 423.225
954a 43.75 123.09 L 422.998 422.952 422.948 422.950 422.937 422.926 422.879 422.792 424.007*
955b 54.53 170.26 L 422.819 422.749 422.744 422.743 422.734 422.679 422.656 422.571
956a -24.48 -164.84 L 423.742 423.737 423.713 423.676 423.690
957a -13.20 -219.36 L 423.749 423.756 423.771 424.007
958a 42.81 -107.31 L 423X89
982a 90.70 -77.22 L 423.479 423.431
983a 147.77 -263.45 L 423.918 423.581 423.904
984a 45.77 -163.68 L 423.696 423.588 423.693
001a 52.53 -25.37 L 423.350 423.270 423.320
002a 92.82 -272.15 L 423.908 423.816 423.884
003a 96.73 -266.04 L 424.066 423.617 424.007
004a 85.73 -284.93 L 423.901 423.821 423.882
005a 62.34 -204.79 L 423.789 423.688 423.767
006a 51.26 -203.02 L 423.778 423.694 423.759
007a 74.04 -207.44 L 423.948 424.055
008a 141.11 -263.10 L 423.918 423.897
009a 127.30 -261.83 L 423.972 423.998
010a 152.26 -263.26 L 423.908 423.899
011a 112.42 -275.04 L 423.956 423.643
012a 73.04 -230.04 L 423.997
019a -73.40 64.82 L 423.407 423.355 423.470
020 87.97 -22.96 L 423.360 423.290 424X4*
021 125.25 -333.53 L 424.012 423.940 423.979
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Appendix AB.l Percent organic carbon ofoily samples
214
Appendix A8.2 Percent organic carbon of non-oily samples
215
Appendix A 9 Well database for peizometer nests
Explanation
*b c* d* WATER LEVELMEASUREMENTS
a* Land Screen August September October 29- June 21- August November June
Well X Y Well surface center 3-4, 30, November 1, July 5, 8, 26, 11-27,
number Coord. Coord. order elevation elevation 1989 1989 1989 1990 1990 1990 1991
(m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m)
LAKE-WOODSY AREA
925 a 75.55 183.18 2 432.36 423.50 422.69 422.64 42162 422.63 422.50 42148 422.48
925 b 75.20 184.60 4 43132 405.15 422.87 422.83 42181 422.82 422.69 42168 422.68
925 c 76.72 184.24 3 43133 423.01 422.73 422.67 42165 422.66 422.53 42151 422.51
a* Wells which are bold typed arewells used during this study for determination of vertical hydraulic pressure gradients.
Well plain typed were not used due to unreliability of well configuration data, lack of water level records.
or locatioa An asterisk with awell means the well is part of the well series immediately below it.
b* Well order indicates the order in which wells screen depths increase. A "1" would indicate a water table well. In
the example above, well 925a is next after the water table well, well 925b is the deepestwell screen.
and the screen for well 925c is between those of wells 925a and 925b.
c* All elevations are in meters above mean sea level.
d* The elevation atwhich the head level is measured from is set ashalfway between the screentop and bottom.
Screen centers were calculated from well configuration data.
216
Last Edited 10/24/9LSIB
Land Screen Augual September October 29- June 21- August November June
Well X Y Well surface center 3-4, 30, November 1, July 5, 8. 26, 11-27,
number Coord Cooid. order Elevation Elevation 1989 1989 1989 1990 1990 1990 1991
isi 121! Gni £e) (™) Lml (m) (m) (m) (m) (m)
LAKE-WOODSY AREA
925 • 75.55 183.18 2 432.36 423JO 422.69 422.64 422.62 422.63 422.50 422.48
925 b 75.20 184.60 4 43X32 405.15 422.87 42X83 422.81 422.82 422.69 422.68
925 c 76.72 184.24 3 432.33 423.01 422.73 422.67 422.65 422.66 422.53 422J1
955 a 54.30 169.766 1 433.31 422J3 42180 42174 422.73 42173 42166 422.57
955 b 54.53 170i263 2 433J3 422.62 42182 42174 422.73 42168 42166 422.57
954 a 43.75 123 089 2 433.23 422.08 423.00 42195 422.94 42193 422.88 422.79 423.01
954 b 43.76 122.395 1 433.45 422.35 423.01 42197 422.95 42194 422.89 422.81 425.00
515 a 26.39 74.84 1 432.98 423.07 423.22 42X17 423.16 423.14 423.11 423.02 423.12
515 b 25.85 73.7* 2 43X95 420.40 423J3 423.18 42X17 423.15 423.11 423.01 423.16
807 a 32.76 73.84 1 432.99 42257 423.19 423.15 423.10 423.01
807 b 2 433.01 422.71 423.17 423 1 7
801 a 24.44 62.92 1 432.98 422.73 423.24 423JO 423.18 423.17 423.13 423.04 423.14
801 b 23.40 64.48 2 432.90 417.99 423.25 423J0 423.19 423.17 423.14 423.05 423J2
KETTLE AREA
308* a -58.80 38.21 2 426.96 423.37 423.32 423.31 423.29 423.23 423.27
702 a -60.34 40.07 1 427.11 423.73 423.47 423.43 423.41 423.40 423.36 423.36
702 b -57.87 4L09 4 426.93 410.96 423J2 423.47 423.46 423.44 423.40 423.43
702 c -60.77 4072 3 427.15 420.09 423.47 423.40 423.41
706 a -37.72 -3.91 i 432.18 42350 423.46 423.40 423.38 423.36 423.34
706 b -36.90 -4.36 2 432.21 423.40 423.39 423.36 423.37
SPRAY ZONE AREA
523* a -53J8 -115.69 2 43019 423.62 423.91 423.67 423.64 423.61 423J1 423.62
707 a -54.13 -117.62 1 43018 423.11 423.73 423.68 423.67 423.64 423.60 423J1 423.62
707 b -52.99 -119.71 3 43025 421.18 42325 423.69 423.68 423.64 423.62 423J 2 423.62
707 c -52.00 -117.38 4 43031 419.35 423.73 423.71 423.66 423.64 423.60 423J1 423.61
707 d -5L81 -115.56 5 43033 416.33 423.73 42173 423.65 423.59 423J1 423.61
957 a -13.20 -219.359 1 427.81 423.75 423.76 423.77 424.01
957 b -13.16 -21834 2 427.89 423.91 423.91 423.77 423.79
310 a •96.61 -23076 2 433.01 422.95 423.97 423.92 423.90 423.87 423.81
310 b -97.49 -239.12 5 433.03 406.29 424.00 423.95 423.93 423.81 425.25
310 c -97.11 -23013 4 433.03 415.95 423.89 423.85 423.83 423.82 424.01
310 d -97.89 -239.60 i 433.11 423J5 424.00 423.95 423.93 423.73 423.42
310 e -100.36 -24L28 3 432.89 422.83 424.00 423.96 423.93 423.90 423.87 423.78
CENTRAL AREA
530 a 10.56 32.61 1 432.61 422.49 423.03 422.97 422.97 422.94 422.91 422.82 422.91
530 b 10.56 32.02 2 432.90 422.13 423.33 423.29 423.30 423.24 423.22 423.12 423.25
530 c 10.00 31.24 3 432.92 420 17 423.33 423.29 423.28 423.25 423.22 423.12 423.21
318 a L13 038 1 432J8 423.91 423.44 423.38 423.38 423.35 423.35 423J2 423J3
318 b L41 L01 2 432.67 423J1 423J6 423J1 423JO 423.48 423.43 423.35 423.46
417 a 63.48 23.49 5 431.60 415.79 423.29 423.25 423J4 423J2 423.17 423J5
417 b 62.24 22.42 3 43L58 418.90 423.29 423J6 423.24 423.22 423.19 423.20
417 c 6L04 2L42 1 43L67 424.02 423.29 423-36 423-24 423-23 423.16
417 d 63.77 2L92 2 43L50 422.32 423J 9 423.35 423J4 423.19 423.19 423J4
417 e 58.60 24.00 4 431.86 423.22 423.22 423.22 423.18 423.16 423.00
418 » 39.79 5.27 4 432.20 415.47 423.36 423J3 423.31 423.29 423.26 423.26
418 b 38.82 4.59 3 432.18 419.09 423.37 423.33 423.32 423.29 423.27 423.28
418 c 39.90 3.93 2 432.15 422.83 423.47 423J3 423J1 423.01 423.27 423.27
418 d 37.72 3.74 1 432.20 423.83 423.37 423.34 423.32 423.60 423.27 423.27
533 a -7.96 -20.53 1 43245 423.45 42347 423.40 423.39 423.28 423.45
533 b -7.97 -21J2 3 432.47 421.76 42350 423.45 423.47 423.41 423.39 423 X9
533 c -7.98 -21.91 4 43245 420JO 423 JO 42345 423.43 423.10 423X8
533 d -7.28 -18.72 2 43256 423.69 423.41 423.40 423.37 423.27
420 b -337 -27.07 1 432.23 419.43 423.42 423.37 423.29
420 c -2 43 -26.07 2 432.24 416.13 423.41 423.37 423.29
532 a -3.64 -1097 1 432.37 423.40 423.47 423.42 423.41 423.38 423.35 423.26
532 b -3.66 -1L64 3 432.35 419.49 423.47 423.42 423.46 423.38 423.36 423J7 422.96
532 c -3.68 -12-30 2 432.37 420.63 423.47 423.42 423.42 423.38 423.35 423J6 423.37
532 d -3.63 -9.10 4 432.38 417.36 423.45 423.40 423.39 423.37 423.34 423J5 423J5
REGIONAL AREA BEHIND WETLAND
401 a 49.33 -485.01 1 429.83 423.67 424J3 424.19 424.16 424.17
503 a 49.66 -482.95 3 429.86 405.48 424J5 424.21 424.17 42421
504 a 5L53 -484J0 2 429.84 419.37 424X5 424X2 424X2
Appendix AlO List of Notations & Conversion Factors
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a area of core sample
acre (1 acre = 4047 m2 = 0.4047 hectares)
A area of marriotte bottle
<€ degree Centigrade
C constant=100, (cm'ls‘1)
an centimeter (2.54 cm = 1 inch)
d day
dlO effective grain diameter, cm
% elevation of water level at peak stage, m above mean sea level




Et surface elevation where maximum Etp occurs if the water table is at or above this surface, m
Etp potential evapotranspiration rate, in/yr or m/d
ft feet (1 ft = 0.3048 m)
gpm gallons per minute
hectare area, (1 hectare = 10* m2)
m/mile gradient
gm gram
h hydraulic head, t*
H head loss, l
Hi height of initial reading above tailwater
Hf height offinal reading above tailwater
K hydraulic conductivity, lit
Ki homogeneous hydraulic conductivity of individual layer, l/t
Km kilometer (Km = 0.621 miles)
K x equivalent horizontal hydraulic conductivity, l/t
Kxx Hydraulic conductivity in the X-direction, Ut
Kyy Hydraulic conductivity in the Y-direction, Vt
K z equivalentvertical hydraulic conductivity, lit
Kzz Hydraulic conductivity in the Z-direction, Ut
/ liter
L length of sample
m meter (1 m = 3.28 ft)
mm millimeter
mo month
msl mean sea level
mya millionyears ago
N/m2 newton per square meter, SI unit for psi
ppm parts per million
psi pounds per square inch
Q volume of flow
R recharge, in
Rf final water level in marriotte bottle
Ri initial water level in marriotte bottle
s second
Ss specific storage, (nW)
Sy specific yield, unitless
t time
Darcian velocity, lit
V length of column of water passing through sediment (Rf - Ri), /
w volumetric flux per volume (s‘l)
Wc weight of crucible, gm
Wds weight of crucible and oven dried soil before ignition, gm
Wis weight ofcrucible and oven dried soil after ignition, gm
W
ps weight ofcrucible and soil after phosphoric acid treatment, gm
yr year
Zi layer thickness
♦ / = length, l/t = length per time
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